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Summary
Recently, there has been a great interest in developing and maturing natural
fibre composites for structural applications. Natural fibres derived from plants
such as flax and hemp have the potential to compete with traditional glass
fibres as reinforcements in polymer matrices, due to good specific properties
(stiffness-to-density ratio). The perspective of using natural fibres is to have a
sustainable, biodegradable, CO2-neutral alternative to glass fibres.
However, so far, it has not been possible to take full advantage of the natural
fibre properties when using them for composite applications. Several challenges
have to be addressed and solved, many of which pertain to the fact that the fibres
are sourced from a natural resource: 1) Inconsistent properties, depending on
plant species, growth and harvest conditions, and fibre extraction techniques. 2)
Strength values of composites are lower than expected based on tests of single
fibres. 3) Compared to continuous glass fibres, natural fibres are relatively
short, which makes it difficult to achieve an optimized fibre architecture. 4)
Natural fibres are hydrophilic, meaning that they do not bond well with standard
polymer matrix systems, most of which are hydrophobic.
The present ph.d. thesis is primarily concerned with challenges 2 (unexpected
low strength of composites) and 3 (optimization of fibre architecture).
Reasons for the lower than expected strength of natural fibre composites are
investigated by performing X-ray tomographic microscopy during tensile tests
of small composite specimens. With this technique, 3D images can be obtained
with spatial resolution < 1 µm. By studying the 3D microstructure of the
composite specimens at a number of arrested load steps, a number of damage
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mechanisms have been identified: (i) Interface splitting cracks typically seen
at the interfaces of bundles of unseparated fibres, (ii) matrix shear cracks, and
(iii) fibre failures typically seen at fibre defects. The three damage mechanisms
initiated at about 50, 75 and 90% of the failure stress, respectively.
After harvesting the plants, the fibre bundles in the plants are extracted, and
separated into individual fibres. If this separation is not complete, bundles
consisting of 5-15 fibres will remain among the fibres. Important insight was
gained on the significance of avoiding bundles of unseparated fibres. It was
found that such bundles are likely to result in fibre/matrix debonding cracks,
which can lead to ultimate failure by large splitting cracks. Also, the fibre
bundles were observed to have a tendency to fail across the entire cross section
of the bundle. This will lead to a large stress concentration, which can result in
specimen failure.
Since individual natural fibres are relatively short (50-70mm), they are tradi-
tionally spun into fibre yarns in order to be able to handle the fibres. However,
spinning the fibres effectively equates to introducing a large amount of fibre mis-
alignment, which decreases the composite stiffness properties. Through devel-
opment of a model based on the geometry of a yarn with fibre twisting and yarn
helicity, the relation between fibre misalignment and composite tensile stiffness
was examined. The model incorporates a ±-stiffening effect, similar to what is
used in laminate theory. Experimental studies were performed with composites
fabricated from yarns with different amounts of fibre twist and yarn helicity.
By fitting the proposed model to the experimental data, good agreement was
obtained. From the model predictions, it was found that yarn helicity is actually
more detrimental than fibre twisting with regards to composite stiffness.
Finally, studies are performed on the fracture toughness of natural fibre compos-
ites. Initially, a novel approach is proposed for calculating the fracture tough-
ness from data obtained from double cantilever beam tests. The developed
approach is based on determination of the curvatures of the beams during the
tests and it is not necessary to have any knowledge of the layup sequence, or
stiffness and thickness of individual layers. This is especially beneficial for com-
plicated/unknown beam layups. It was proposed that the beam curvatures are
determined using strain gauges. After developing the approach, it was used to
determine the fracture toughness of flax/PLA (polymer based on lactic acid)
specimens made from yarns with different twisting angles. It was found that a
high twisting angle greatly decreases the fracture toughness of the composite,
such that specimens made with yarns with no fibre twisting were more than 10
times tougher than specimens with a high degree of twisting.
Thus, based on the work in the present ph.d. thesis, it is found that achieving
a method for separating the fibres completely without damaging them, is im-
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portant for optimizing the composite strength. Furthermore, it is found that
achieving a good fibre alignment is important for both the composite stiffness
and the composite fracture toughness. These suggestions for manufacturers of
natural fibre composites, are presented with an overall purpose of contributing
to optimizing natural fibre composites for load-bearing usage.
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Resume´
Over den seneste tid, har der være stor interesse i at udvikle og modne natur-
fiberkompositter til strukturelle anvendelser. Naturfibre fra planter s˚asom hør
og hamp har potentiale til at konkurrere med traditionelle glasfibre som for-
stærkning i polymermatricer, grundet de gode specifikke egenskaber (stivhed-til-
densitet forhold). Perspektivet i at anvende naturfibre er at have et vedvarende,
bionedbrydeligt, CO2-neutralt alternativ til glasfibre.
Hidtil har det dog ikke været muligt at drage fuldt udbytte af egenskaberne
af naturfibre, n˚ar de anvendes til kompositter. En række udfordringer skal
adresseres og løse, hvoraf mange er relaterede til det faktum at naturfibre ud-
vindes af en naturlig ressource: 1) Inkonsistente egenskaber, der afhænger af
planteart, vækst- og høstforhold, og fiberekstraktionsteknik. 2) Styrkeværdier
af kompositter er lavere end hvad forventes baseret p˚a enkeltfiberforsøg. 3) Sam-
menlignet med kontinuerlige glasfibre er naturfibre relativt korte, hvilket gør
det vanskeligt at opn˚a en optimeret fiberarkitektur. 4) Naturfibre er hydrofile,
hvilket betyder, at de ikke binder godt med almindelige polymermatrixsystemer,
hvoraf de fleste er hydrofobe.
Denne ph.d. afhandling omhandler primært udfordring 2 (uventet lav komposit-
styrke) og 3 (optimering af fiberarkitektur).
A˚rsager til at naturfiberkompositter har lavere styrke end forventet undersøges
ved at udføre Ro¨ntgen tomografisk mikroskopi under træktest af sma˚ komposi-
teemner. Ved denne teknik kan man opn˚a 3D billeder med en rumlig opløsning
< 1 µm. Ved at studere 3D mikrostrukturen af kompositemner ved en række
belastningstrin, identificeres en række skadesmekanismer: (i) Grænseflade split-
revner, som typisk ses ved grænsefladerne af bundter af ikke-adskilte fibre, (ii)
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matrix forskydningsrevner, og (iii) fiberbrud, som typisk ses ved fiberdefekter.
De tre nævnte skadesmekanismer begynder ved henholdsvis 50, 75 og 90% af
brudlasten.
Efter høst af planterne, bliver fiberbundterne udvundet og adskilt i individuelle
fibre. Hvis denne adskillelse ikke er komplet, vil bundter best˚aende af 5-15 fibre
findes blandt fibrene. Vigtig indsigt opn˚as om betydningen af at undg˚a bundter
af ikke-adskilte fibre. Det blev konstateret, at s˚adanne bundter er tilbøjelige til
at resultere i fiber/matrix grænsefladerevner, som kan føre til emnesvigt p.g.a.
store splitrevner. Det blev desuden observeret at fiberbundterne har en tendens
til at svigte p˚a tværs af hele tværsnittet af bundtet. Dette vil medføre en stor
spændingskoncentration, hvilket kan resultere i emnesvigt.
Eftersom individuelle naturfibre er forholdsvis korte (50-70mm), bliver de tra-
ditionelt spundet til fibergarner, med henblik p˚a at kunne h˚andtere fibrene.
Imidlertid svarer spinding af fibrene faktisk til at indføre en stor mængde mis-
orientering, hvilket nedsætter stivhedsegenskaberne af kompositterne. Gennem
udvikling af en model baseret p˚a geometrien af et garn med spundne fibre og
garnhelicitet, undersøges forholdet mellem fibermisorientering og trækstivhe-
den af kompositter. Modellen indeholder en ±-afstivningseffekt, svarende til
hvad der anvendes i laminatteori. Eksperimentelle undersøgelser udføres med
kompositter fremstillet af garner med forskellige mængder af fibersnoning og
garnhelicitet. Ved at fitte den foresl˚aede model til de eksperimentelle data,
blev god overensstemmelse opn˚aet. Ud fra modellens forudsigelser blev det kon-
stateret, at garnhelicitet faktisk er mere skadelig end fibersnoning med hensyn
til kompositstivhed.
Endelig udføres undersøgelser af brudsejheden af naturfiberkompositter. Først
udvikles en ny fremgangsma˚de til beregning af brudsejhed fra data opn˚aet ved
s˚akaldte double cantilever beam forsøg. Fremgangsma˚den er baseret p˚a bestem-
melse af krumninger af bjælkerne under test, og det er ikke nødvendigt at
have kendskab til oplægsekvensen, eller stivhed og tykkelse af de individuelle
lag. Dette er specielt fordelagtigt for komplicerede/ukendte bjælkeoplæg. Det
foresl˚as, at krumningerne af bjælkerne bestemmes ved hjælp af tøjningsfølere
(strain gauges). Efter at have udviklet fremgangsma˚den, blev den anvendt til
at bestemme brudsejhed af hør/PLA (polymer baseret p˚a mælkesyre) emner
fremstillet af garner med forskellige snoningsvinkler. Det konstateres, at en høj
snoningvinkel i høj grad nedsætter brudsejhed af materialet, eksempelvis blev
det fundet at emner fremstillet med garner uden fibersnoning var mere end 10
gange sejere end emner med en høj grad af fibersnoning.
Baseret p˚a arbejdet udført i denne ph.d. afhandling, er det s˚aledes blevet kon-
stateret, at udvikling af en fremgangsma˚de til fuldstændig adskillelse af fibrene
uden at beskadige dem, er vigtigt for at optimere kompositstyrken. Endvidere
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blev det fundet, at en god fiber ensretning er vigtig for b˚ade stivhed og brud-
sejhed af kompositten. Disse forslag til producenter af naturfiberkompositter er
fremsat med det overordnede forma˚l at bidrage til optimering af naturfiberkom-
positter til lastbærende anvendelser.
viii
Preface
This Ph.D. thesis is based on research performed during 2009 to 2012 at the
Section of Composites and Material Mechanics, Department of Wind Energy
(formerly known as Risø National Laboratory for Sustainable energy), Tech-
nical University of Denmark and Section for Imaging and Structural Analysis,
Department for Energy Conversion and Storage (formerly known as Risø Na-
tional Laboratory for Sustainable energy), Technical University of Denmark.
The project was financially supported by the EU 7th Framework Programme
via the research and development project NATEX (Natural Aligned Fibres and
Textiles for Use in Structural Composites Applications). The study has been
supervised by:
• Professor mso, Ph.D., Bent F Sørensen (DTU Wind Energy), Main super-
visor
• Senior Scientist, Ph.D., Bo Madsen (DTU Wind Energy), Co-supervisor
• Senior Scientist, Ph.D., Erik M Lauridsen (DTU Energy Conversion), Co-
supervisor
I wish to acknowledge my supervisors for their encouraging support and guid-
ance. I am thankful for their inspiration and for the freedom I have enjoyed
during my study. I am especially grateful for the many, at times lengthy, dis-
cussions through which the ideas underlying this project was formed.
I would like to thank my office mates Mustafa Aslan and Karolina Martyniuk for
our hours of talks of both formal and unformal character, and for contributing
to creating a nice and friendly workplace.
xFurthermore, I want to extend my gratitude to Tom L Andersen for advice
on composite processing methods, Jacob Christensen, Christian H Madsen and
Jonas H Kreutzfeldt for help and advice on specimen preparation, Erik Vogeley
and Frank Adrian for technical assistance with experimental setups, Helmuth L
Toftegaard for numerous fruitful discussion on theories of laminated composites,
Hans Lilholt for inspiring discussions, Ian Sinclair for allowing me to borrow the
load fixture for tomography studies, and Joy Boutrup for allowing me to use
the yarn twisting machine at Designskolen in Kolding.
Last but not least, I wish to thank my family and friends for their support and




Papers included in the thesis
[A] In situ observations of microscale damage evolution in unidirectional nat-
ural fibre composites.
Morten Rask, Bo Madsen, Bent F Sørensen, Julie L Fife, Karolina Mar-
tyniuk, Erik M Lauridsen.
Compos Part A 2012;43(10):1639-1649.
[B] Effect of fibre twist in unidirectional natural fibre composites.
Morten Rask, Bo Madsen.
To be submitted to Composites Science and Technology.
[C] Determination of the J integral for laminated double cantilever beam spec-
imens: The curvature approach.
Morten Rask, Bent F Sørensen.
Eng Fract Mech. http://dx.doi.org/10.1016/j.engfracmech.2012.06.017.
[D] Fracture toughness of unidirectional flax fibre/PLA composites with dif-
ferent levels of yarn twisting.
Morten Rask, Bent F Sørensen.






Papers included in the thesis xi
1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Scope and limitations . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4 Outline of thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2 Background 7
2.1 Market and Applications . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Hierarchical structure of NFCs . . . . . . . . . . . . . . . . . . . 10
2.3 Processing of NFCs . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.4 Stiffness of composites . . . . . . . . . . . . . . . . . . . . . . . . 21
2.5 Fracture of composites . . . . . . . . . . . . . . . . . . . . . . . . 25
2.6 Experimental techniques . . . . . . . . . . . . . . . . . . . . . . . 30
3 Findings and results 43
3.1 Microstructure of NFCs . . . . . . . . . . . . . . . . . . . . . . . 43
3.2 Effect of fibre yarn twisting on stiffness of composite . . . . . . . 47
3.3 Strain-dependent stiffness of NFCs . . . . . . . . . . . . . . . . . 53
3.4 Damage evolution in NFCs . . . . . . . . . . . . . . . . . . . . . 56
3.5 Fracture toughness . . . . . . . . . . . . . . . . . . . . . . . . . . 62
xiv CONTENTS
4 Conclusions 69
5 Future work 73
A In situ observations of microscale damage evolution in unidi-
rectional natural fibre composites 85
B Effect of fibre twist in unidirectional natural fibre composites 99
C Determination of the J integral for laminated double cantilever
beam specimens: The curvature approach 119
D Fracture toughness of unidirectional flax fibre/PLA composites




The application of composite materials can been dated back to 8000 BC in An-
cient China where flax and hemp fibres were used to reinforce pottery [1]. The
first fully synthetic thermosetting resin, Bakelite, was invented in 1907 [2]. This
invention marks the beginning of the age of modern composites. Bakelite is a
brittle material, and therefore it was often combined with fillers such as wood
flour to increase its toughness. Thereby simple composites were created. The
1940’s saw an emerging usage of glass fibre composites, while research on carbon
fibre composites emerged in the 1960’s [2]. However, over the last decade or two
growing environmental concerns have catalyzed an interest towards replacing
oil-derived fibre reinforced composites with composites based on natural fibres
and/or bio-based polymer plastics [3, 4, 5, 6, 7, 8]. Compared with synthetic
fibres, such solutions has much lower environmental impact [3, 9], along with
good material properties. The current industrial use of natural fibre composites
(NFCs) is almost completely limited to non-structural components based on
nonwoven mats of randomly oriented fibres [10, 11]. The primary application
area is currently the automotive industry, where non-structural components,
such as interior panels can be made of NFCs [2, 7, 11, 12, 13, 14, 15]. However,
with the scientific effort being put in to optimizing the properties and perfor-
mance of NFCs, the field of applications can be expected to be widened in the
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coming years.
NFCs can offer good material properties, comparable with glass fibre compos-
ites, especially when the low density of natural fibres is considered. Therefore,
NFCs have the potential to compete with glass fibre composites. However, while
composites with common man-made fibres, e.g. glass and carbon, are relatively
well documented and understood, NFCs are not yet well understood. Thus, the
transition from man-made fibre composites to NFCs entails a number of chal-
lenges unique to natural fibres. Some challenges are related to the chemistry
of natural fibres, i.e. the fibres are hydrophilic so they do not bond well with
hydrophobic matrix systems. Therefore many researchers are investigating the
possibilities of modifying the natural fibre surface chemistry [16, 17, 18, 19].
Also, natural fibres are influenced by humidity, as they have a large moisture
uptake, due to accessible hydroxyl groups (-OH) in the natural fibre cell walls
[20, 21]. Furthermore, as the fibres are a natural resource, they have large
variabilities, both with regards to dimensions, microstructure and properties
[22, 23, 24].
Natural fibres are harvested from plant sources. In the harvesting process the
natural fibres are made by dividing large bast fibres into individual elementary
fibres. This brings along a number of challenges. If the division of fibres is
not done completely, some thick fibre bundles will remain among the individual
natural fibres. Such fibre bundles might influence the damage mechanisms of
the composites negatively. However, if the separation treatment is too harsh,
fibre defects might be induced, which also influences the damage mechanisms
negatively. These challenges are not present for man-made fibres, where the
fibres are made as single fibres with the desired thickness and with virtually no
defects.
Unlike man-made fibres, natural fibres are discontinuous. Often, individual
fibres are no longer than 50 mm [25], which makes handling and positioning the
fibres an challenge. Therefore, the fibres are traditionally twisted into natural
fibre yarns. Twisting of fibres influence the mechanical composite properties,
since fibre architecture is very important.
1.2 Objectives
Among a number of unsolved challenges pertaining to NFCs, this thesis deals
with two specific challenges related to the microstructure of NFCs, serving two
primary purposes:
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• To investigate the microscale damage mechanisms of unidirectional NFCs
in relation to fibre bundles and fibre defects
• To study the relation between fibre yarn twisting and composite mechan-
ical properties
Thereby, the objective with this thesis is to contribute to gaining a better un-
derstanding of NFCs, with the objective of optimizing NFCs for load-bearing
applications. Based on the findings, recommendations are made for future man-
ufacturing of NFCs.
1.3 Scope and limitations
Work is conducted by the methods of analytical materials modeling and ex-
perimental materials characterization. The methods can be divided into four
groups
• Formulation of analytical model for determining composite fracture tough-
ness
• Formulation of geometrical and analytical model describing the stiffness
of composites, as a function of fibre yarn architecture
• Experimental verification of the models
• Experimental characterization of different composite systems
Here follows sections where scope and limitations of the chosen materials sys-
tems, as well as the experimental and modeling work are described.
1.3.1 Materials systems
Natural fibres can be derived from a number of different plant species, where
major sources in Europe include bast fibres from flax and hemp. Flax fibres
have been the preferred fibre type in this study, reflecting that the majority of
non-wood fibre based NFCs in the industry use flax as reinforcements [2].
Only thermoplasts have been used as matrix material in this study. This re-
flects the tendency in the industry to move from thermosets to thermoplasts [15].
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Thermoplasts have many advantages, a number of which are related to environ-
mental concerns: They can be recycled, they require less processing time (they
do not need to be cured) and they do not give off toxic by-products. They have
a number of disadvantages as well: High temperatures are required to melt the
thermoplast materials. The thermoplasts have high viscosities (often minimum
1000 times higher than a standard polyester thermoset) [26], meaning that they
require higher processing pressures and hence expensive production tooling.
If NFCs are to be considered for load bearing applications, it is necessary to have
a good fibre alignment. Therefore, composites made from randomly oriented
fibre mats will not suffice. Thus, only unidirectional composites are investigated
in the present study.
1.3.2 Modeling work
Unidirectional composites based on perfectly aligned natural fibre yarns have a
rather complicated three dimensional microstructure due to the fibre twisting
involved in the manufacturing of fibre yarns. An analytical model is developed
based on the geometry at the microscale of twisted yarn based composites. In
the derivation of the model, assumptions are made such that the classical two
dimensional laminate plate theory can be applied.
Fracture mechanics treat fracture as a study of growing cracks. A linear elastic
fracture mechanics formulation of the fracture toughness was developed primar-
ily by Irwin and co-workers in the 1950s. Non-linear fracture mechanics was
later introduced by the path-independent J integral by Rice in 1968. Combin-
ing this formulation with laminate beam theory it is possible to determine the
fracture toughness for interface delamination and adhesive joint delaminations
in complicated composite laminates. The preferred test specimen for this kind
of experiments is the double cantilever beam (DCB) specimen loaded with pure
moments. In this thesis, a modification of this theory is presented, from which
the J integral can be found from the beam curvatures and applied moments
directly.
1.3.3 Experimental work
Experimental work of different kinds has been carried out. For characterization
of composite tensile properties, the uniaxial tensile test method is used. The
DCB test method is used for characterization of composite fracture toughness.
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A large volume of literature has been published documenting the tensile prop-
erties of NFCs. However, the knowledge of the damage mechanisms is very
limited. X-ray tomographic microscopy (XTM) have proven its worth as a valu-
able tool for characterizing the microstructure of materials in three dimensions
[27, 28, 29]. As part of this work, XTM is used for characterizing the evolution
of damage in NFCs at micro-scale.
1.4 Outline of thesis
The thesis consists of a introductory background survey followed by a section
dedicated to the findings of the ph.d. study. Finally, four papers are appended.
One paper (Paper A) has been published nd one (Paper C) has been accepted
for publication, while the other two (Papers B and D) are to be submitted.
The introductory survey is intended to provide the background knowledge nec-
essary for gaining full advantage of the appended papers and Sec. 3, which is
dedicated to the findings and results of this study. The survey has intentionally
been made relatively brief, but numerous references are included, through which




2.1 Market and Applications
Natural fibres have a number of attractive features, including but not limited to
high specific (weight-based) properties [6, 11, 12, 13, 30], attractive price-point
[12, 13], high acoustic damping properties [10, 31, 32], sustainability [6, 13, 33],
CO2-neutrality [13, 33] and minimum health-risk [6, 13]. For example, the pro-
duction of 1 kg of natural fibre mat in total consumes 17% of the energy required
for producing 1 kg of glass-fibre mat [9]. Especially the automotive industry has
adopted natural fibre composites (NFCs), since the specific mechanical proper-
ties are important for lowering the weight and thereby the fuel consumptions
and CO2-emission figures of the vehicles [7, 12, 13, 14, 15]. The good acoustic
properties make NFCs particularly suitable for automotive interior applications.
Furthermore, due to the sustainability and recyclability of NFCs, they have a
strong ’green image’. This can be used as a valuable marketing tool by the
automotive industry, in the current situation of environmental concern.
Table 2.1 shows typical values for some material properties of flax, hemp, E-glass
and carbon fibres. Comparing the data, it is seen that the absolute stiffness of E-
glass is higher than for the natural fibres. However, since the density of natural
fibres is only ∼ 60% of that of glass, the specific stiffness of natural fibres are
higher that the corresponding value for glass fibres. This implies that ideally a
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Fibre Modulus Density Strength Price Specific modulus Specific strength
(GPa) (g/cm3) (MPa) (Euro/kg) (GPa·cm3/g) (MPa·cm3/g)
Flax 55-75 1.5 800-1800 ∼ 0.6 37-50 530-1200
Hemp 60-70 1.5 550-1000 ∼ 0.6 40-47 370-670
E-glass 72 2.6 2000-3500 2 28 770-1350
Carbon 235 1.8 4000 20 130 2200
Table 2.1: Properties of the natural fibres flax and hemp and the synthetic fibres
E-glass and carbon. The table is composed of values from [2, 4, 5, 11, 20, 25, 34, 35].
composite structure with a stiffness limited design will be lighter but thicker if
natural fibres are chosen. It should be noted that, due to the irregular shapes of
natural fibres restricting fibre packaging, a glass fibre composite can achieve a
higher fibre volume fraction than a natural fibre composite [20]. Also, the price-
points mentioned for the natural fibres are for raw fibres. Additional processing
such as spinning increases the price. However, the processes presently used
for making composite preforms on a large scale are tailored towards the textile
industry. Once the field of processing of natural fibres for composite applications
matures, it can be speculated that fibre preforms tailored for composites will
become cheaper. Therefore, it is reasonable to claim that NFC’s can provide
a viable alternative to glass fibre composites when the stiffness per weight and
stiffness per price is considered.
A number of common natural fibre preforms are shown in Fig. 2.1, with arrows
indicating the processing sequence from the raw plant to the fibre preforms.
The different preforms are used for different applications. Currently the indus-
try almost exclusively uses natural fibres in the nonwoven preform [10, 11]. This
is the cheapest preform, however, it yields composites with inferior properties
compared with woven or non-crimp fabrics [20]. The current application in
the automotive industry has so far been limited to non-structural components,
such as door panels, boot lining, seat backs and headliner panels, see Fig. 2.2
[2, 7, 11, 12, 13, 14, 15]. For these applications, mats of nonwoven fibres are suf-
ficient. Often the nonwoven mats are stabilized by needle-punching. However,
this technique has some drawback, as the needle holes can result in unwanted
stress concentrations, and can also disturb the fibre orientation [39]. The mats
are impregnated with either a low-cost thermoset, e.g. polyester, or thermo-
plastic, e.g. polypropylene. The assembly is then moulded to form the desired
component. As demonstrated in Section 2.4 (p. 21), to be able to realise the
potential of NFCs, thereby broadening the potential field of applications, the
adoption of more sophisticated preforms are needed. And these preforms should
be tailored towards the specific needs for composites.
The European automotive industry is the largest application area for NFCs.
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Figure 2.1: Overview of different fibre preforms. Fibres image from [36] and flax
plant image from [37].
The quantity of natural fibres used for composites in the German automotive
industry increased from 9.6 ktons in 1996 to 19 ktons in 2005 [2], however,
recently there has been a stagnation tendency as seen in Fig. 2.3. Flax fibres
make up 64% of the amount used, while jute and hemp make up 11 and 9%,
respectively.
The global production of flax and hemp in 2009 was 1000 ktons and 90 ktons
respectively [2]. The majority of the fibres are used for traditional applica-
tions, such as apparel and other textiles. Less than 5% is used for composite
applications.
In 2005 the vehicles where natural fibres were used, contained on average ∼ 4 kg
of natural fibres per vehicle [15]. With a current (2011) European market of 16.9
mio vehicles produced per year [40], the minimum potential for natural fibres in
the European automotive business amounts to ∼ 68 kton. With an estimated
average fibre weight fraction of 30-40% this amounts to a NFC market of ∼ 200
kton. Car models containing as much as 20-30 kg natural fibres are in series
production. If this amount of NFCs were applied in all vehicles produced in
Europe, the potential market for NFCs is considerably higher at ∼ 1200 kton.
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Figure 2.2: The present Mercedes-Benz S-class (model code W221) contains 32 com-
ponents made with NFCs, in total weighing 43kg. [38]
Figure 2.3: Overview of the usage of various types of natural fibres for composite
applications in the German automotive industry [2].
2.2 Hierarchical structure of NFCs
In this section the structure of NFCs at the different length scales are discussed,
from the chemical structure of cellulose molecules to the structure of a yarn
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fabric. It will be shown that a natural fibre composite is actually a composite
on a number of length scales, as the fibres themselves are microcomposites, as
shown in Fig. 2.4.
Figure 2.4: Sketch of the multilevel hierarchical structure of a flax stem. Elementary
fibres contain microfibrils made primarily from cellulose polymers. These microfibrils
are organized in mesofibrils. The elementary fibres are configured in bundles found in
the bark of the plant stem [41].
2.2.1 Fibres
Natural plant fibres can be derived from a number of different plant species,
see Fig. 2.5. Bast fibres (like flax and hemp) are found in the stems of the
Figure 2.5: Overview of a variety of fibres [2, 20].
corresponding plants. In the plant, the fibres serve the purpose of keeping the
plant stem erect, so the top of the plant is high above the ground [20]. Therefore
the fibres are stiff and elongated. The fibres in a stem are arranged in 30-40
bundles each containing 10-40 elementary fibres [42], with pectin cementing the
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elementary fibres together, to form the bundles. A SEM image of a large fibre
Figure 2.6: A large fibre bundle with a diameter of 300µm containing fibres with
diameters of 20-30µm. The fibre bundle is kept together by a cover of pectin.
bundle is shown in Fig. 2.6. A part of the cover of pectin has been peeled off,
exposing the individual fibres in the bundle. As shown in Fig. 2.7, the fibre
bundles are positioned in the outer part of the plant stem. From a mechanical
Figure 2.7: Cross section of a plant stem showing the position of the fibre bundles.
From [43].
point of view, this is the optimal placement of the stiff fibres, as the contribution
of fibre bundles to the bending stiffness of the stem depends on the fourth power
of distance between the bundles and the centre of the stem [44].
Since only the outermost layer of the flax stem contains bast fibres, it is not
feasible to use the entire stem for composite reinforcement. Therefore, the fibres
have to be removed from the stem, and optimally they have to be separated into
elementary fibres. This is done by the so-called retting process, which serves
the purpose of breaking down the pectin substances. This is a processing step
of great importance for the fibre quality. Traditionally retting has been done
by placing the harvested stems in the field for several weeks (dew retting).
However, dew retting is not a well-controlled technique, and research is being
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conducted on other techniques, e.g. water, enzymatic, chemical or mechanical
retting [2, 35], with the objective of developing a technique giving good fibre
properties with low environmental pollution and low cost.
Once the pectin has been broken down, the fibres are extracted from the stem
by scutching [2]. Fig. 2.8 shows a SEM image of some individual fibres with
diameters of 15− 20 µm. The image shows a composite fracture surface, where
some of the fibres have been split further into the smaller mesofibrils indicated
in Fig. 2.4.
Figure 2.8: A fibre is split into smaller mesofibrils. These mesofibrils are estimated
visually to have diameters of approximately 0.2µm, while the fibres have diameters of
15-20µm.
Compositionally, the fibre bundles mainly consists of four different chemical
ingredients: Cellulose, hemicellulose, lignin and pectin, with pectin consid-
ered to be the main binder [5]. In flax, the distribution between the chemical
constituents is typically found to be around 77, 18, 3 and 2 %, respectively
[4, 34, 45].
The cell wall can be considered as a laminar structure, such that the wall can
be divided into 4 sublayers, see Fig. 2.9: The primary wall (P) and three
secondary layers S1, S2 and S3. The layers are differentiated by slight differences
in the chemical compositions, and, more importantly, by the direction of the
cellulose microfibrils. As shown schematically in Fig. 2.9, the S2 sublayer is
by far the thickest sublayer, and contains cellulose molecules oriented at an
angle of ∼ 10◦ relative to the fibre axis for flax fibres [11, 46, 47]. A proposed
ultrastructure of the S2 sublayer is shown in Fig. 2.10. The figure shows how
natural fibres are effectively microcomposites consisting of cellulose microfibrils
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Figure 2.9: Structure of fibre cell wall. Even though the sublayers are depicted with
discrete sharp interfaces, in reality the transitions between the sublayers are continuous.
Adapted from [46].
embedded in a matrix of hemicellulose and pectin. Thus, mainly the S2 sublayer
Figure 2.10: Proposal of the ultrastructure of the S2 sublayer. Adapted from [43].
contributes to the tensile stiffness of the fibre, while the S1 and S3 sublayers have
higher microfibril angles [11]. Therefore, they are thought to provide transverse
stiffness and strength, thereby providing the structural integrity of the plant
cell.
The cellulose molecules in the cell wall are configured as a polymer, where the
repeating unit is cellobiose, as shown in Fig. 2.11 [5]. Cellulose has a Young’s
modulus of∼ 140 GPa [6, 48]. The matrix polymers in the cell wall hemicellulose
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Figure 2.11: Molecular structure of cellulose with the repeating unit cellobiose.
and lignin have been reported to have low Young’s Moduli of 40 MPa and 2 GPa,
respectively [49].
As shown in Table 2.1, both flax and hemp fibres display a large variability
in the tensile strength properties. This is thought to be partly related to the
presence of defects, such as kink bands, along natural fibres. Fig. 2.12 shows
SEM images of two examples of fibre defects. Fig. 2.12a shows a kink band,
Figure 2.12: SEM images of two defects. a) Kink band b) Barrel-shaped node.
which is a very common type of defect. The origin of such defects are not
clear, however, it has been found that for example excessive bending of the
fibre during harvesting and handling, induces defects [50, 51, 52]. The defects
have been found to decrease the mechanical properties of single fibres [53, 54].
Fig. 2.12b shows another type of structural fibre feature similar to the nodes in
bamboo. As will be shown in Section 3.4 (p. 56), both types of feature weaken
the fibre, and therefore they can correctly be regarded as fibre defects.
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2.2.2 Yarns
While nonwowen mats are used to a great extent in the industry for non-
structural applications, high performance composites can only be produced from
a preform with an optimized fibre architecture. A simple way of gaining control
of the fibre orientation, and allow easy handling of the fibres is to twist the fibres
into fibre yarns; an example is shown in Fig. 2.13. Such twisted fibre yarns can
Figure 2.13: SEM image of a twisted natural fibre yarn. From [55].
then be used for filament winding to form composites with yarns aligned parallel
to the load direction, or woven into fabrics.
However, the twisting of the fibres to form yarns implies that the fibres are
actually not parallel to the load direction, even though the yarns are. Twisted
fibre yarns is a preform which has its roots in the textile industry, where natural
fibres have been studied extensively and optimised for apparel and industrial
applications. And, as seen in Fig. 2.14, a preform optimised for the textile
industry is not necessarily suitable for composite applications. In the figure, the
black curve, showing the relation between yarn strength and degree of twisting,
reveals that the strongest yarn for textile applications is a yarn with a certain
amount of twist. This reflects that the integrity of the yarn based on short
fibres depend on friction (coherence) between fibres [57]. If the fibres are only
twisted by a small amount, the fibres are not well-cohered, and the fibres will
slip apart when the yarn is loaded. On the other hand, if the fibres are twisted
by a high amount, the yarn will also be weak. This is due to the obliquity
effect, which is not fully understood but is related to the axial misalignment
between the yarn and the fibres [58]. However, when embedding the fibre yarn
assembly in a matrix phase for composite applications, the friction between the
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Figure 2.14: Tensile strength of an un-embedded fibre yarn as a function of twist
number. Adapted from [56].
fibres is no longer necessary, as the matrix serves the purpose of transferring
stresses between the fibres. Hence the performance of the yarn for composite
applications can be expected to roughly follow the Obliquity curve in Fig. 2.14.
Recently there has been an interest in developing true UD composites where
the fibres are aligned parallel to the load direction, i.e. without twist. Even
though friction between the fibres is not necessary once the fibres are embedded
in the composite, it is still necessary to be able to handle, position and process
the fibres. This has resulted in a number of preforms made specifically for
composite applications, e.g. wrap-spun yarns, where parallel non-twisted fibres
are kept together by a wrap-filament [59, 60] and composite tapes where a thin
sheet of parallel fibres are embedded with a thermoplastic, to form very thin
tape-shaped UD composite preforms, which can be easily placed and processed
by press heating and consolidation [61]. Using these recent developments means
that more of the potential of natural fibres can be realised. However, these
relatively advances preforms are still expensive.
2.2.3 Fabrics
Having discussed the structure of the fibre yarns, the next step length-scale wise
is to discuss the arrangement of the yarns in fabrics. The most common yarn
structures are shown schematically in Fig. 2.15. As mentioned earlier, the yarns
can be positioned parallel to form a unidirectional yarn geometry. This will
result in a composite with high properties in the yarn direction (0◦-direction).
However the stiffness and strength in the transverse direction (90◦-direction)
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Figure 2.15: Schematic illustration of the yarn structure in composite preforms based
of unidirectional yarns, woven yarn fabrics and non-crimp yarn fabrics.
will be much lower, such that the material is highly anisotropic. For many
applications, it is desirable to use a composite which is equally stiff in both the
0◦- and the 90◦-direction. For such applications either woven yarn fabrics or
non-crimp yarn fabrics can be used.
Fig. 2.16 shows three basic weave patterns for woven fabrics [62]. Common for
Figure 2.16: Schematic illustration of three basic weave styles used in composite
preforms [62].
all weave patterns is that weaving the yarns forces them into a three dimensional
pattern: In the plain weave, all yarns are forced into a sinus-curve like shape,
which means that a large part of each yarn is actually not oriented in the plane of
the fabric. This effect is known as ”crimp”. An idealized sketch of the structure
of a plain weave is shown in Fig. 2.17. As will be discussed in Section 2.4 (p.
21), even a small misalignment between the orientation of the yarn relative to
the loading direction has the effect of lowering the stiffness properties of the
composite.
A way to minimize the crimp effect has been developed by Swedish company
Oxeon with the TexTreme weaving technology. Simply put, a TexTreme weave
is a plain weave made from a flattened (spread tow) yarn. Thereby only a small
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Figure 2.17: Idealized drawing of two plies of a plain weave layup [63].
Figure 2.18: Flax TexTreme from Oxeon [65].
section of the yarn experiences crimp. The technology has been adopted for
high performance carbon fibre composite application, such a Formula 1 racing
cars [64]. Very recently, Oxeon have showcased a flax TexTreme weave, Fig.
2.18, based on the UD flax tape mentioned in Section 2.2.2 (p. 16) and shown
in Fig. 2.1 [65]. At the time of writing, no scientific studies treating the flax
TexTreme weave have been published.
The crimp effect can be completely avoided by using non-crimp fabrics. In a non-
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crimp fabric, the yarns are still positioned in two distinct directions, however,
the yarns are not interwoven. Instead they are kept together for example by
stitching. Photos of such fabrics are included in Fig. 2.1.
2.3 Processing of NFCs
The composite processing technique is to a large extent given by the chosen ma-
trix material type [66, 67]. Large scale thermoset (e.g. unsaturated polyester,
epoxy) resin based composite components, like wind turbine blades, are often
produced by the vacuum infusion technique, where the fibre preform is placed
in a sealed vacuum bagged mold, and the liquid resin is pulled through the fibre
preform layup by a vacuum [66]. This means that the resin has to travel a rel-
atively long distance through the layup. This is, however, not a problem, since
thermoset resins typically have a relatively low viscosity. Following the impreg-
nation, the resin is cured under controlled pressure/temperature conditions to
achieve the final component.
If using thermoplasts, the high viscosity has to be considered, i.e. the matrix
travel distance should be a short as possible. Therefore it is not feasible to pull
the matrix through the entire layup. Instead, the matrix material, which is solid
at room temperature, is placed, as thin sheets or thin filaments, in between the
fibre preform, see Fig 2.19. The assembly is then heated to melt the matrix
Figure 2.19: Schematic illustration of techniques for mixing natural fibres with ther-
moplastic resins. Generally, the matrix travel distance should be a short as possible.
[20], and finally, the assembly is put under external pressure and/or vacuum to
achieve full impregnation and avoid entrapment of air.
Matrix sheets are placed between layers of fibre mats or woven cloths. Filaments
can be filament wound together (put together) with the yarns during filament
winding, or they can be blended into the yarns (commingled), such that the
preform is a commingled fibre/matrix yarn. Generally, the solution giving the
shortest average matrix travel distance is preferable. In the heating process, the
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temperature should not be higher than 180◦C for long periods of time, due to the
low thermal stability of natural fibres. The properties of natural fibres has been
found to decrease as a function of both time and temperature at temperatures
above 180◦C [5]. This excludes a number of thermoplasts, such as standard
PET with a melting point of 250◦C.
Filament winding followed by heating and press consolidation was used exclu-
sively in this study. Unidirectional composites can be made with the filament
winding method [68], where a continuous fibre assembly, e.g. a twisted natural
fibre yarn, and a thermoplastic filament roving is concurrently wound on to a
metal frame with small sidewards movements, see Fig. 2.20. Some advantages
Figure 2.20: Filament winding. Picture courtesy of [69].
of using this technique are very good fibre yarn alignment, and high versatility
in the attainable fibre volume fractions. After the winding process, the assem-
bly is then press consolidated in a two-step process. To melt the matrix, the
assembly is first heated under vacuum, and then press consolidated to form the
desired composite.
2.4 Stiffness of composites
The stiffness of a unidirectional composite can be modeled with the simple
rule of mixtures [66]. This approach treats the composite as a two component
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system, whereby the potential of a porosity phase is ignored.
Ec = VfEf + (1− Vf )Em (2.1)
with Ec, Ef and Em denoting the Young’s modulus of respectively the com-
posite, fibres and matrix. The fibre volume fraction Vf is the most influential
factor in the general rules of mixture, since very often Ef ≫ Em. However, the
maximum achievable Vf is controlled by a number of parameters, e.g. fibre type,
fibre orientation distribution and fibre packing ability. Madsen et al [70] found
the maximum Vf to be 50% for a unidirectional filament wound hemp/PET
composite and 40% for a random fibre orientation nonwoven flax/PP compos-
ite. If one tries to fabricate composite with a higher fibre volume fraction than
the maximum value, one will get a composite with a high porosity content.
The rule of mixtures model has been expanded by Krenchel to account for both
fibre length efficiency and the fibre orientation efficiency [71]
Ec = ηoηlVfEf + (1− Vf )Em (2.2)
where ηl is the fibre length distribution factor. The fibre orientation distribution





where an is the fraction of fibres with the fibre orientation angle θn relative to
the loading direction. For a fully unidirectional composite ηo = 1. It can be
shown that for a two-dimensional random fibre distribution, ηo = 3/8, while
a three-dimensional random fibre distribution has an orientation distribution
factor of ηo = 1/5 [72]. This shows that a lot of potential performance is lost if
the fibre architecture is not optimized. On the other hand, a cheap nonwoven
NFC with only moderate properties might suffice for some applications.
An analytical expression for the stiffness Ex in the loading direction of a UD


















where E1 and E2 are the stiffnesses parallel and perpendicular to the fibre
direction, respectively. G12 is the shear modulus and ν12 is the Poisson’s ratio.
With this equation it is possible to determine the stiffness of a unidirectional
composite, loaded at an angle relative to the fibre direction.
Often, composites structures are made as laminates consisting of a number of
laminas with different fibre orientations. Fig. 2.21 shows an example of a [45/-
45]-laminate, i.e. a laminate consisting of two unidirectional composite laminas,
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Figure 2.21: Illustration of a [45/-45]-layup
which has been placed at 45◦ and −45◦ respectively, relative to the load direction
of the laminate. While the rule of mixtures can be used to determine the
stiffness of each lamina individually in the fibre directions, the so-called laminate
theory is necessary to determine the stiffness of the complete laminate in the
load direction. The laminate theory is presented in the following for a generic
[θ/ − θ]-laminate. The laminate is balanced, which simplifies the expressions
considerably. Complete presentations of the laminate theory is found in [66, 67].
The basic concept of laminate theory is a number of transformation matrices,
which are used to transform known stiffnesses of the laminas from the local
coordinate systems (in the fibre directions) to a global coordinate system (in
the load direction).
In the local coordinate system of a lamina, the complete stress-strain relations
can be written as
{σ} = [Q]{ε} (2.5)
where {σ} is the stress tensor, [Q] is the stiffness matrix and {ε} is the strain




















where ∆ = 1− ν12ν21 such that
[Q] =










The transformed stiffness matrix [Q¯] transforms the stiffnesses from the local
system to the global system, based on the element of the stiffness matrix [Q]
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and the angle θ between the two coordinate systems.
[Q¯] =






Q¯11 = Q11 cos
4(θ) + 2(Q12 + 2Q66) sin
2(θ) cos2(θ) +Q22 sin
4(θ) (2.9)
Q¯12 = (Q11 +Q22 − 4Q66) sin
2(θ) cos2(θ) +Q12(sin
4(θ) + cos4(θ)) (2.10)
Q¯16 = 0 (2.11)
Q¯22 = Q11 sin
4(θ) + 2(Q12 + 2Q66) sin
2(θ) cos2(θ) +Q22 cos
4(θ) (2.12)
Q¯26 = 0 (2.13)
Q¯66 = 0 (2.14)
The combined stiffness of the two laminas in the global system, cannot simply
be found by adding the two laminas. The interaction between the laminas has
to be accounted for. This is done by three coupling matrices A, B and D,
relating the external forces and moments to the strain and bending tensors of
the laminate. Since we only wish to determine the stiffness in the load direction,












(Q¯22(θ) + Q¯22(−θ)) (2.17)
The three matrix elements are combined to get an expression for the composite







Fig. 2.22 shows plots of the misalignment angle dependent stiffness of an off-
axis lamina treated with both the modified rule of mixtures (Eq. (2.2)), and the
analytical expression (Eq. (2.4)). A plot for a ±-off-axis laminate (Eq. (2.18))
is also included. Comparing the Krenchel curve to the off-axis curve, it is seen
that the agreement is relatively poor. This reflects the fact that the Krenchel
approach (Eq. (2.2)) is very simple. It is seen that the off-axis composite is
generally less stiff than the ±-off-axis layup. Both model systems have the
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Figure 2.22: Stiffness as a function of off-axis angle. Graphs based on both Eqs. 2.2,
2.4 and 2.18 are shown. Parameters used: E1 = 25GPa, E2 = 3GPa, G12 = 2.5GPa,
ν12 = 0.2, Ef = 66GPa, Em = 3GPa, Vf = 0.35.
exact same amount of fibres etc. The only difference is that the lamina has all
fibres placed at an angle of θ, while the laminate has the two halves of fibres
orientated at ±θ, respectively. Thus, the increased stiffness of the laminate, is
a result of optimized fibre orientation only. The increased stiffness is a result
of the fibres ”stiffening” each other, such that the θ-fibres restricts the shearing
movement of the −θ-fibres, and vice versa. Furthermore, since all fibres are
parallel for θ = 0◦ and θ = 90◦, the two models gives the same stiffnesses at
these angles.
2.5 Fracture of composites
2.5.1 Tensile loading
While the models for predicting composite stiffness can be very accurate, it is
more difficult to predict the composite tensile strength accurately. For stiffness
models, the composite can be treated as a homogeneous orthotropic material,
while damage and fracture is controlled by the microstructure of the composite.
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Imagine a unidirectional composite, where the fibres has an average ultimate
strength of σ¯fu. The ultimate strength values of the individual fibres is often
well approximated by a Weibull distribution [66], indicating that some fibres are
weaker than σ¯fu while other fibres are stronger than σ¯fu. Thus, when loading
the composite uniaxially, the first fibre failure will occur at a stress lower than
σ¯fu. The load that was carried by the fibre before failure will then have to
be distributed to the surrounding fibres. Since the matrix serves the purpose
of distributing loads between the fibres, the matrix and fibre/matrix-interface
properties are important for the load sharing properties of the composite during
fibre failure [20].
In local load sharing, the load, which was carried by the now failed fibre, is
distributed to the surroundings, i.e. neighbouring fibres, and the intact parts
of the failed fibre. These transfers of loads are mediated by the matrix through
shear stresses [67]. Thus, the initial fibre failure gives rise to a stress concentra-
tion at the microscale, which will make the surrounding fibres more likely to fail
as well. Thereby the initial microscale damage can grow into a crack, possibly
leading to ultimate failure.
However, if the fibre/matrix-interface is not sufficiently strong to support the
matrix shear stresses, which try to pull out the failed fibre, debonding will occur
along the interface [67]. Thereby, no concentration will exist around the failed
fibre, resulting in global load sharing, where the load from one failed fibre is
shared equally between the remaining fibres in the cross section [73]. Imagine a
(very small) composite sample containing 20 reinforcing fibres. This sample is
loaded until the first fibre failure occurs at σu. Under global load sharing, the
remaining 19 fibres will then be subjected to a load of 20σu
19
. If the fibre strength
distribution is narrow, the remaining fibres may not be able to withstand the
added stress, leading the ultimate sample failure.
Figure 2.23: Sketch of unidirectional composite during tensile loading. The upper
fibre failure has delamination, leading to global load sharing, while the lower fibre failure
has no delamination, leading to local load sharing.
Under local load sharing, it has been found that the stress concentration arising
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from a fibre failure is largest near the fibre [74, 75, 76], and that the magnitude
of the stress concentration factor increases with the number of failed fibres in a
cluster.
As initially mentioned, due to the influence of the microstructure, it is difficult
to predict the strength of a composite material. However, it might be reasonable
to assume that a rule of mixtures approach would be able give a crude estimate
σu = σfu · Vf + σmu · (1− Vf ) ≃ σfu · Vf for σfu ≫ σmu
where σu, σfu and σmu is the ultimate strength value of the composite, the
fibre and the matrix, respectively. With Vf = 0.5 and σfu in the region of
800 − 1800 MPa, one would expect a composite strength of 400 − 900 MPa.
However, natural fibre composite strengths are rarely found to be higher than
300 MPa [6, 47], indicating that the strength of the individual fibres are not
being fully utilized.
2.5.2 Fracture toughness
Real life composite structures will inevitably contain small cracks and air en-
trapments. Under certain conditions, these defects can grow into catastrophic
failures during normal service loads. Whether such defects will grow under a
certain load, is related to the fracture toughness of the material system, and
can be modeled using fracture mechanics. Then, the fracture toughness is an
important material parameter, when considering the strength of a composite
structure with defects and cracks.
Fracture mechanics allows for modeling of a geometry with a crack, such as
a plate with a center horizontal crack subjected to vertical loading. For this
geometry, a simple linear elastic stress analysis with a design criteria to avoid
fibre failure is insufficient, as it predicts an stress singularity at the crack tip.
Thus, the stress analysis predicts that no matter how small the external load,
the stress will be infinitely high at the crack tip, which is unphysical.
While traditional mechanics deals with forces, stresses, strains and deformations,
fracture mechanics operates in terms of energy and/or stress intensity factors.
Consider a elastic material with an initial crack of length a, as depicted in Figure
2.24. The material is subjected to a displacement-controlled loading, which is
increased until further crack growth da is seen. During crack growth, energy is
consumed as new surface area is created. At the same time the specimen releases
energy, as the specimen will have increased compliance, whereby the potential
elastic energy in the sample decreases during crack growth. Balancing these
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Figure 2.24: The principle of energy equilibrium is of major importance in fracture
mechanics.
energy terms, it is evident that the potential energy has in fact been released
and consumed for crack growth. In 1921 Griffith formulated the crack-growth
criterion [77]: If the amount of energy needed for crack growth is larger than the
difference in potential energy, no crack growth will occur. Only if the released
potential energy is larger than or equals the energy needed for crack growth,
crack growth will occur. If the potential energy is denoted Π, the energy release







where B is the width of the specimen and a is the crack length. If the energy
release rate reaches or exceeds a critical value Gc, crack growth will occur. It
can be found that for many materials the critical value Gc is a material property.
In the 1950s, linear elastic fracture mechanics (LEFM) was developed, primarily
by Irwin and co-workers [67]. Under the assumption of small scale yielding
(small plastic zone and small process zone) and linear elastic behaviour, it was
suggested that the stress field near the crack tip can be described by the so-
called K-field, which is a function depending on the load state and the specimen
geometry. With this approach it was possible to account for the stresses near
the crack tip.
Cracks in composites are often found to display extensive fibre bridging, re-
stricting the opening of the crack [78, 79]. Thus, fibre bridging is part of the
fracture process zone. In a double cantilever beam (DCB) specimen, the length
of the bridging zone is often of the same order of magnitude as some specimen
dimensions, in which case it is denoted large scale bridging (LSB). Under LSB,
the assumption of a small process zone used in LEFM is not fulfilled, and the
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fracture must be treated as non-linear. Fracture displaying LSB can be handled









where Φ is the strain energy density, σij is the stress tensor, ui is the displace-
ment vector, nj is the outwards unit vector normal to the integration path Γ
and S denotes the length of the path Γ. The integration path Γ goes around
the crack tip from the lower crack face to the upper crack face in the counter
clockwise direction. The J integral is path independent, implying that J takes
the same value for any integration path that goes around the fracture process
zone from the lower crack face to the upper crack face in the counter clock-
wise direction, as indicated with the dotted line in Fig. 2.25. The integration
Figure 2.25: The integration path Γ.
path can be chosen arbitrarily. Often it is beneficial to place the integration
path along the external boundaries. For linear elastic materials, the J integral
reduces to the Griffith energy release rate:






The cohesive stresses of a fracture process zone can be modeled using so-called
cohesive laws (sometimes also referred to as bridging laws), which describe the
process of opening of a crack. A cohesive law is expressed as stress σ as a
function of crack opening δ [79, 82, 83, 84]. E.g. in the event of LSB the
crack will only be considered fully developed once all bridging fibres have been
broken, which might require several millimeters of crack opening. On the other
hand, a crack in a brittle material will require only a very small opening to be
considered fully developed. The cohesive law is an important input parameter
for finite element models of composite damage evolution. If a full data set of J
30 Background
versus crack end opening is available, the cohesive laws can be determined by





In this section, the main experimental techniques used in the appended papers
will be presented. Special attention will be given to X-ray tomography, as this is
a cutting edge technique for characterisation of the microstructure of composites.
2.6.1 X-ray tomography for observations of materials mi-
crostructure and damage evolution
Figure 2.26: Sketch of XTM. Notice how the computer turns the 2D projections in
the y,z-plane into slices in the x,y-plane.
X-ray imaging is a well-known technique dating back to the 19th century, with
many applications in both medical and materials research. The technique works
2.6 Experimental techniques 31
by letting electro-magnetic radiation of very short wavelengths (0.01 − 20nm
compared with visible light with wavelengths in a range from 380 nm to 740
nm) pass through a specimen [85]. Different materials have different radiation
attenuation coefficients, meaning that some materials will reduce the intensity
of X-rays more than other materials. This explains why human bone structures
show up on a X-ray image, while soft tissue like flesh does not.
X-ray imaging radiography is limited to only two dimensions, as X-ray images
are projections into two dimensions. This means that no depthwise information
is attained from an X-ray image. However, if multiple X-ray images are taken
from multiple angles, it is possible to reconstruct a complete volumetric three
dimensional image of the specimen. This is the principle of tomography [85]. In
computer tomography (CT) the reconstruction of the large amount of images
are performed on a computer. The principles are shown in Fig. 2.26.
X-ray tomography can be carried out at a lab facility or a synchrotron facility.
In a lab facility, X-rays are made with a X-ray tube, as shown schematically
in Fig. 2.27. By heating a filament it emits electrons, similar to how the
Figure 2.27: Sketch of an X-ray tube
heated tungsten filament in a light bulb emits photons. These electrons are
then accelerated towards an anode by a strong electric field. The anode is often
made from copper, to make it work as a heat sink for cooling purposes. On
the face of the anode, a target material, often tungsten, is fitted. This target
abruptly decelerates the incoming electrons, whereby energy is released. About
1% of this energy is emitted as bremsstralung (breaking radiation) and the rest
is wasted as heat [85]. The bremsstralung covers a wide band of radiation
wavelengths included the X-ray band. By tuning the accelerating electric field
and the target material, the band of radiation wavelengths can be altered. To
obtain only the X-ray radiation, the bremsstralung is passed through a material
only penetrable by X-rays, such as a thin sheet of aluminium.
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The X-rays obtained by a lab source has a relatively low intensity, they are
not parallel, and the wavelengths of the radiation cover a broad spectrum (the
beam is polychromatic). A beam of radiation with the exact same wavelength
are called monochromatic, i.e. of the same color.
By far the best results in X-ray tomography are however obtained using a syn-
chrotron to produce the X-ray beam [85]. With such a setup, it is possible to
obtain an monochromatic, parallel, narrow X-ray beam of a very high intensity.
However, few synchrotron facilities exits in the world, and therefore it is difficult
to be granted research time.
Very simplified, a synchrotron consists of a large hollow circular tube. The
Swiss Light Source, where work was conducted in the present thesis (see Paper
A), has a circumference of 288m [86], in which electrons circulate at velocities
approaching the speed of light [85]. Large electromagnets are used to bend the
trajectories of the electrons so they follow the path of the hollow tube. When
electrons are forced away from the straight path, they emit radiation tangen-
tially to their direction of movement, as shown in Fig. 2.28a. To obtain high
Figure 2.28: Illustration of the principle of an undulator. From [87].
intensity X-ray radiation the electron stream is passed through an undulator, as
shown schematically in Fig. 2.28b. An undulator consists of a row of magnetic
fields with alternating directions up and down. This bends the electron stream
alternatingly up and down whereby a large amount of parallel radiation is cre-
ated. At this point, the radiation is still polychromatic. The radiation beam
is then passed through a so-called monochromator which only lets radiation of
a certain tunable wavelength through. The beam then passed though focusing
optics and beam size controlling slits. Both the monochromator, the optics and
the slits lowers the intensity of the beam. However, since the beam exiting the
undulator has an extremely high intensity, the beam passing through the slit
retains a very high intensity.
When preparing for an X-ray tomography experiment, the sample is placed on
a rotatable sample holder. The holder is rotated in small increments and an X-
ray image is acquired at each angle increment. When using a synchrotron X-ray
facility (which has a parallel beam), it is only necessary to rotate the specimen
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Figure 2.29: Synchrotron tomography setup. The central components are identified.
180◦, since a projection at an angle θ is identical to the projection obtained at
the angle θ + 180◦. If using a lab-scale setup, the beam is cone-shaped, and
therefore all 360◦ are needed. In Paper A the 1501 projections were performed
over 180◦ of rotation, meaning that the sample holder was rotated 0.12◦ between
each scan.
Figs. 2.30-2.33 shows figures from a few key publications on X-ray tomogra-
phy studies of composites. The images exemplifies that X-ray tomography is a
powerful technique for visualising 3D microstructure non-destructively.
Figs. 2.30 and 2.31 are from studies on the damage mechanisms of notched
carbon fibre composites. Damage mechanisms such as cracks, delaminations
and fibre failures are identified in both studies. The specimen studied in Fig.
2.30 is made with a [90/45/− 45/0]S layup. Prior to the scan, the specimen is
subjected to a tensile load equivaling 80% of the failure stress. The 0◦-lamina
shows many fibre failures, while all other laminas show fibre/matrix-interface
cracks. Also, delaminations are seen at the interface between the 45◦ and the
−45◦ laminas. The specimen studied in Fig. 2.31 is made from a [90/0]S layup
and the specimen is loaded at the XTM facility using a mobile transparent
loading fixture. The slice in Fig. 2.31 is placed such that only half of the sample
is visible. Similar to Fig. 2.30 the authors observe fibre/matrix-interface cracks
in the 90◦ laminas. However, fibre/matrix-interface cracks are also observed in
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Figure 2.30: Reconstructed volume with a number of damage mechanisms identified
by different colours. From [28].
Figure 2.31: Reconstructed volume with a highlighted splitting cracks. From [29].
the 0◦ laminas, extending as splitting cracks from the notches. Fig. 2.32 is from
a study on the shearing properties of weaves. In the figure a X-ray tomography
image of a glass fibre plain weave is analyzed. Fig. 2.33 is from a study where
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Figure 2.32: Study of shear properties of plain weaves. From [27].
Figure 2.33: Reconstructed volume of hemp/PP, where the matrix phase has been
made transparent. From [88].
the fibre length and fibre width distribution is studied in a hemp/PP composite.
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Fig. 2.34 shows a X-ray tomography image of a twisted flax fibre yarn, acquired
during the work reported in Paper A. A number of geometrical details are seen,
including kink bands and fibre lumens.
Figure 2.34: X-ray tomography image of a natural fibre yarn.
2.6.2 Tensile testing for determination of composite stiff-
ness
The tensile stiffness of a composite can be determined experimentally by sub-
jecting a sample of the composite to a uniaxial tensile test on a tensile test
machine, as shown in Fig. 2.35. During the experiment, the applied tensile
force and the strain is registered with a computer. The force is measured with
a load cell, while the strain is measured with an extensometer.
Then the stress can be determined as the ratio between the force and the cross
sectional area σ = F/A, and the data are presented in a stress-strain curve, as
shown in Fig. 2.36. Using Hooke’s law the stiffness of the composite can then
be found as the gradient of the beginning of the stress-strain curve. Fig. 2.36,
which was originally published by Hughes et. al. [30] in a study of unidirectional
flax fibre/polyester composites, exemplifies how stress-strain curves for NFCs
are often found to be non-linear [59, 89], such that the composites have strain
dependent stiffnesses. The authors identify five regions: The stress strain curve
is linear in the region A. Point B marks the transition to region C where the
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Figure 2.35: Uniaxial tensile test setup.
Figure 2.36: Stress strain curve from tensile test of a unidirectional flax/polyester
composite. From [30].
curve is also linear but has a lower gradient. Then in region D, the specimen
becomes slightly stiffer due to the so-called strain hardening effect [30]. Finally,
at point E, the specimen fails.
This phenomena of non-linearity is treated in Section 3.3 (p. 53). The Young’s
modulus of the material is determined by linear regression in the first linear
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strain region ε = [0.01; 0.1]% denoted A in Fig. 2.36.
2.6.3 Double cantilever beam (DCB) testing for determi-
nation of composite fracture toughness
As discussed in Section 2.5.2 (p. 27), the J integral is an important parameter
for understanding the fracture properties of a composite material. The DCB
specimen is very useful for testing fracture toughness of materials and inter-
faces. The specimen is designed to allow for crack growth when the two beams
are loaded. Depending on the load setup, the DCB specimen is loaded in mode
I, II or III, as shown in Fig. 2.37 [67]. The beams can be loaded with forces or
Figure 2.37: Double cantilever beam (DCB) specimens under the three different mode
mixities.
moments. In the literature, mode I DCB tests are almost exclusively performed
with forces. Some researches choose to report load-crack opening curves [90],
while other researchers calculate the fracture toughness [91, 92, 93, 94] using
various semiempirical calculation methods to obtain relations between the en-
ergy release rate G, the applied force and the specimen geometry. Since these
approaches are based on approximations, a number of different formulations




where F is the force, δ∗ is the crack end opening, b is the specimen width and a
is the crack length. With this type of approach, the fracture toughness can only
be calculated at data points where the crack length has been measured during
the experiment. The obtained GI data plotted against the crack length is called
a R-curve, see example in Fig. 2.38 from a study on fracture properties of
carbon fibre/epoxy composites. Sørensen et al. have presented a setup concept
for determination of J versus crack end opening δ∗ [95] for a DCB specimen
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Figure 2.38: Example of R-curve
consisting of discrete measurement
points [78].
Figure 2.39: Continuous J, δ∗-curves
[95].
loaded with uneven bending moments, see Fig. 2.40. Uneven bending moments
Figure 2.40: Setup for testing double cantilever beam specimens in uneven bending
moment load configurations. From [95].
results in a mixed-mode load, i.e. an intermediate between mode I and mode
II. This setup does not rely on measurements of the crack length, which means
that a continuous plot of the fracture toughness is obtainable, in contrast to
the force-based approach. Fig. 2.39 shows an examples of J, δ∗-curves obtained
with this method from a study on fracture of adhesive joints between two glass
fibre/polyester laminates. The mode-mixity ψ is expressed as a geometrical
relation between the two applied moments, such that Mode I corresponds to a
mode-mixity ψ = 0◦, while mode II corresponds to ψ = 90◦.
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There is an increasing interest in the use of cohesive zone modeling in the sim-
ulation of delamination of components. In cohesive zone modeling, the funda-
mental constitutive law that describes the mechanics of the fracture process is
a traction-separation law called a cohesive law. Determination of cohesive law
parameters is an important experimental challenge. With a continuous J, δ∗-
curve the cohesive law can be obtained by differentiation of the J integral by
the end-opening of the fracture process zone [96, 97].
The test setup proposed by Sørensen et al. is presented schematically in Fig.
2.41. With two load cells and an arrangement of wires and rollers, the test
Figure 2.41: A schematic drawing of the testing device. Adapted from [83].
fixture allows for the test specimen to be tested under any combination of bend-
ing moments. The wires apply the same force to two rollers located at each
of the transverse arms mounted on each beam of the DCB specimen, creating
pure bending moments. As moment = force × arm, a configuration with dif-
ferent moment arms on each side gives different moments on the two beams,
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even though the forces P are of identical magnitude at both transverse arms.
Adjusting the device from one load configuration to another is simply a matter
of altering the lengths of the moments arms by changing the position of the
rollers on the transverse arms. The moments are written as
M1 = Pℓ1, M2 = Pℓ2 :
By choosing the right combination of ℓ1 and ℓ2 prior to the experiment, any
moment combination can be obtained. The wire force is increased by moving
the lower part of the test device (denoted lower beam in Fig. 2.41) downwards
at a constant displacement rate.
As will be discussed in Section 3.5.1 (p. 63) and Paper C, a finding of this
thesis is that the J integral can be found from the applied moments and the
beam curvatures, with no knowledge of material stiffness and layup required.
Different approaches exist for determining the curvatures, such as digital image
correlation (DIC) from images with speckle patterns [98]. In Paper C, the beam
curvatures were determined with strain gauges glued to the top and bottom
of each beam. A strain gauge is a simple device consisting of a metallic wire
embedded in an insulating flexible base material in a zig-zag pattern, as shown
in Fig. 2.42. The metal wire has a certain electrical resistance. When the strain
Figure 2.42: Sketch of strain gauge.
gauge is stretched in the length wise direction, the length of the wire ℓ increases
and the cross sectional area A decreases. Thereby the electrical resistance R
increases.
R = ρℓ/A
where the resistivity ρ is a material property. The resistance decreases when
the strain gauge is compressed. The changes in resistance are measured with a
so-called Wheatstone bridge, and are then related to the strain of the surface,




In the following sections, the main findings from this study are summarised and
compared with the literature. All results can be said to represent the different
phases of a mechanical test. As such, Sec. 3.1 contains a discussion of the
microstructure of an unloaded natural fibre composite, while Secs. 3.2 and
3.3 deal with findings on the elastic response to small loads, more specifically
the relation between fibre misalignment and composite stiffness (Sec. 3.2) and
findings on strain dependant stiffness of fibre yarn composites (Sec. 3.3). Sec.
3.4 reports observations on the damage mechanisms in NFCs subjected to large
tensile loads, and finally Sec. 3.5 present the results of studies performed on
composite fracture toughness, including development of a novel approach for
determining the fracture toughness and a study of the relation between fibre
twisting and fracture toughness.
3.1 Microstructure of NFCs
As mentioned in Sec 2.5, the strength of NFCs is not as high as expected based
on the findings from single fiber tests. In order to understand why the high single
fibre strength properties are not fully realised in composites, it is necessary to
gain further insight into the microstructure of composites. Thus, in Paper A,
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the microstructure of a unidirectional flax/PP-composite is studied using X-ray
tomography. The study was carried out at the beamline TOMCAT at Swiss
Light Source in Villigen, Switzerland. This technique, which is described in
Section 2.6.1 (p. 30), allows for a three dimensional non-destructive visualisation
of a small composite sample. In the study presented in Paper A, a spatial
resolution of 0.74 × 0.74 × 0.74 µm3/voxel was obtained. This corresponds to
a scanned volume of 1.48× 1.48× 1.48 mm3. With this very high resolution it
is possible to distinguish even very small features, e.g. small matrix cracks and
fibre-matrix interface cracks.
Figure 3.1: a) Sketch of a test specimen showing the specimen geometry. b) An
example of a reconstructed 3D volume from the XTM scans. The volume corresponds
to the box in a).
Fig. 3.1a shows the geometry of the scanned test specimen, while Fig. 3.1b
shows a reconstructed 3D volume of the scanned region of the test specimen.
Based on such 3D volumes, 2D slices in any desired plane can be made. Fig. 3.2
shows two internal 2D slices extracted from the reconstructed 3D volume of a
unidirectional composite. A number of features are clearly seen. Fig. 3.2a shows
an internal slice in the x,y-plane of the test specimen in the unloaded state. From
this figure it can be seen that the flax fibres are situated in large semi-circular
fibre assemblies with diameters of 300-400 µm. These fibre assemblies are the
flax yarns. A number of additional microstructural features can be seen on the
tomogram including (i) the flax fibres having polygonal cross-sectional shapes
and variable sized luminal cavities, (ii) the unseparated bundles of fibres within
the yarns (diameter up to 100µm), (iii) the PP matrix which is impregnating
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Figure 3.2: Examples of two internal 2D slices in a scanned 3D volume: a) slice in
x,y-plane, and b) slice in x,z-plane. A number of microstructural features are indicated
on the images.
the fibre yarns almost completely, (iv) the different types of porosities located
inside the fibres, at the fibre/matrix interfaces, and in the matrix, and (v) the
cracks, located especially in proximity to the surfaces of the specimen. As the
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images were acquired before the specimen was loaded, these cracks must be a
result of specimen preparation.
Fig. 3.2b shows a slice of the same specimen as in Fig. 3.2a, but now in the
x,z-plane. It is seen that the flax fibre yarns are now parallel to the z-axis,
while the individual fibres are observed to be oriented with an angle to the yarn
axis of about 10-15◦. This observed twisting angle is smaller than the surface
twisting angle (18◦). This indicates that the fibre twisting angle is not constant
through the yarn. (The variation of fibre twist angles through the radius of a
fibre yarn and the relation to composite stiffness are studied in Paper B.)
The images in Fig. 3.2 could have been acquired using the standard and destruc-
tive method of sectioning, polishing and light microscopy of composite samples.
However, experience shows that polishing has a tendency to disrupt fibre/matrix
interfaces. Such polishing artifacts would disturb the evaluation of the quality
of the fibre/matrix bonding. Since X-ray tomography is a nondestructive tech-
nique, such concerns are not relevant. Another advantage of the nondestructive
nature, is that changes in the microstructure can be observed during loading.
This is reported in Section 3.4 (p. 56). Reflecting the state of the art status
of XTM, the technique has its limitations - access to synchrotron facilities is
limited, and lab scale setups are relatively expensive. Technically, the technique
is limited by the pixel resolution of the detectors. If high resolution is needed,
only a small field of view is available.
While a relatively large amount of scientific work has been published on the ap-
plication of X-ray tomography for studying man-made fibre (e.g. glass, carbon,
etc.) reinforced composites, the amount of work published on studies of NFCs is
limited. X-ray tomography have so far been used to visualise void content and
distribution in composites [99, 100], to visualise the fibre distribution in wood
pulp fibre reinforced composites [100, 101] to identify fibre-fibre contact points
[102], to study the resin impregnation of balsa core in sandwich specimens [103].
However, most of these studies were carried out at lab-scale X-ray sources. With
the present study it has been shown that the technique of synchrotron X-ray
tomography is very adept at studying the 3D microstructure of NFCs. While it
has not been the focus of the present study, the technique would also be useful
for determining exact fibre cross section area, which is otherwise challenging
due to the irregular shapes of natural fibres [24].
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3.2 Effect of fibre yarn twisting on stiffness of
composite
As demonstrated in Section 2.4 (p. 21) even small misalignments of the fibres
relative to the load direction, have a negative influence on the composite stiff-
ness. Therefore, it is reasonable to expect that twisting the fibres into fibre yarns
with typical twisting angles of up to 30◦ decreases the reinforcement capability
of the fibres. Furthermore, if the yarns themselves are not completely straight
and aligned with the load direction, the misalignment of the yarn structure has
to be accounted for as well.
In Paper B, a model is developed for predicting the stiffness of a composite
based on yarns with three different kinds of misalignments: 1) Fibre twisting,
where the fibres are oriented at an angle relative to the yarn axis, 2) yarn helicity
where the yarn itself is not straight, e.g. a double yarn, where the yarn is shaped
like a helix and 3) off-axis loading, where yarns are oriented at an off-axis angle
relative to the load direction. The three kinds of misalignments are illustrated
in Fig. 3.3.
Figure 3.3: The photo shows a double yarn and the sketch shows a schematic ide-
alization, where the fibre twist angle, the yarn helix angle and the off-axis angle are
identified.
The model is based on a geometrical model of a helical yarn made up of twisted
fibres. This is a relatively complicated three dimensional structure, and a num-
ber of approximations are made such that the two dimensional laminate theory
can be applied for calculating the composite stiffness. The cross section of the
yarn is split into four sections, as shown in Fig. 3.4. Summation rules for com-
bining the three types of misalignments are developed for each section, whereby
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Figure 3.4: Yarn cross section divided into four sections by two perpendicular black
lines through the centre of the yarn.
the combined misalignment is found for each section. The model uses a continu-
um approach, where the fibres in each of the four yarn sections are smeared out,
and the spatial density (number of fibres per cross section area) of fibres in the
yarn is assumed to be constant. It is assumed that all fibre misalignments can
be rotated into the same two dimensional x, y-plane, such that the conventional
two dimensional laminate theory can be applied. The details on this rotation
routine and the summation rules are found in Paper B. Then each section is split
up into infinitely many laminas, and laminas in opposite sections are treated
with laminate theory, described in Section 2.4 (p. 21). By integration, the com-
posite stiffness is calculated thereby accounting for both the combined fibre and
yarn/off-axis misalignments and the ±-stiffening effect (shear related stiffening
effect described in Sec. 2.4 p. 24).
The model is tested against two experimental programs, the first performed
specifically for this purpose and the second from the literature. The first pro-
gram was conducted using commercially available parallel fibre wrap-spun yarns.
These yarns were found to be slightly helical, possibly due to the wrap filament,
see Fig. 3.5. Using a yarn twisting machine, six samples of yarn were made
where the yarns were exposed to varying degrees of twisting. The yarn samples
were twisted with twist numbers of 25, 51, 77, 105, 140 and 190 turns/meter
respectively, resulting in surface fibre twisting angles between 5◦ and 25◦. The
twisting was done in the direction opposite to the wrap filament. Thereby the
wrap filament were loosened when twisting was applied, and the helical shape
imposed by the wrap filament were decreased with increasing twisting of the
yarn samples.
For each yarn sample, the fibre twisting angle at the surface of the yarn and the
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Figure 3.5: Wrap-spun yarns. Images have been binarised and skeletonised to make
the helical shape measurable. Left shows a yarn with no imposed twist right shows a
yarn with a high degree of imposed twist.










Table 3.1: The measured misalignment angles resulting from twisting and helicity.
yarn helicity angle was determined experimentally, results are shown in Table
3.1. Then, from each yarn sample, a flax/PP composite panel were manufac-
tured using filament winding and press consolidation. From each panel five test
specimens were cut out, and the tensile stiffness was determined. The experi-
mental results are shown in Fig. 3.6.
The numbers for fibre twisting angle and yarn helicity angle were used as input
in the model, and the fibre stiffness Ef was used as a fitting parameter to fit the
model curve to the experimental data. As seen from Fig. 3.6 good agreement
was obtained between the model prediction (red curve) and the experimental
data for Ef = 70GPa. It is seen that the composite stiffness seems to be
independent of the fibre twisting. In fact, the two types of misalignment (fibre
twisting and yarn helicity) can be concluded to have the same summed effect
for all yarn samples.
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The model was also used to predict the stiffness of composites based on twisted
yarn samples in the ideal case where the yarns are straight, i.e. have no helicity.
These predictions are shown as the green curve in Fig. 3.6. Comparing the
green curve (ideal case without helicity) and the red curve (actual case with
helicity), it is seen that at a fibre twisting angle of 0◦ the yarn helicity reduces
the composite stiffness by approximately 45%, indicating that in the present
form, zero-twist yarns are far from performing to their true potential. It is
seen that the two curves move together as the twisting angle is increased. This
reflects the tendency of the wrap spun yarns to become more straight, i.e. have
less helicity, as they are twisted in the direction opposite to the wrap filament,
as shown in Fig. 3.5. At high twisting angles of > 25◦, the yarns are almost
completely straight. This is reflected in the curves, which are seen to overlap at
high twist angles.
Figure 3.6: Plots of experimental test results (data points) and model predictions
(red curve). The green curve shows the stiffness of the ideal wrap-spun yarn based
composites, i.e. a yarn with no helicity.
The model presented in Paper B is intended to be used for studying the effects of
the different misalignment parameters. As an example of this, it is an interest-
ing observation from Fig. 3.6 that composites based on the supplied untwisted
(0 t/m) wrap spun yarn is less stiff than composites based on wrap spun yarn
twisted to surface twisting angles between 5 and 25◦. Furthermore, with the
supplied wrap-spun yarn, it is seen that the maximum composite stiffness is pre-
dicted to be attained using yarns which has been subjected to a surface twisting
angle of 16◦. This illustrates the highly negative influence of the helix shape of
the yarns. To further evaluate the severity of fibre twisting and yarn helicity,


































. With the stiffness of the first system
(with no misalignments) indexed to a value of 100, the stiffness of the system
with θtwist = 20
◦ is found to be 69.3, while the stiffness of the system with
θhelix = 20
◦ is found to be 51.7. This clearly shows that with regards to com-
posite stiffness, yarn helicity is more detrimental than fibre twisting. This is
explained by a model of a twisted yarn presented by Madsen et al. [55], where
it is found that the fibres at the surface of the yarn has the highest twisting
angle while the fibres in the centre of the yarn has no twisting as given by
tan(θtwist(r)) ∝ rt
where the radius rt ∈ [0;R] is the distance from the yarn axis to the fibre in
question. The presented model accounts for this effect. Thus, the local twisting
angle of each individual fibre depends on the distance to the center of the fibre
yarn with radius R. Madsen et al. finds that the average fibre twisting angle
θ¯twist can be approximated by θ¯twist = 0.7 · θ
surface
twist . Thereby, it is evident that
the average degree of misalignment is larger for the system with θhelix = 20
◦
than for the system with θtwist = 20
◦, leading to lower stiffness for system with
yarn helix misalignment.
The second verification of the model was against data from an experimental
programme obtained by Madsen et al., in an experiment where unidirectional
composite panels were made based on hemp fibre yarns in a matrix of PET
[68]. The yarns had a surface twisting angle of 15.9◦ and zero yarn helicity.
Tensile test specimens were then cut out with off-axis angles of 0◦, 10◦, 20◦,
30◦, 45◦, 60◦ and 90◦, between the yarn direction and the tensile direction, and
Young’s modulus data was obtained for all samples. The data obtained from the
publication was used as input in the model presented in Paper B, with the fibre
stiffness Ef used as fitting parameter. The experimental data and the model
predictions are shown in Fig. 3.7. Good agreement was obtained with a fibre
stiffness Ef = 65 GPa, which is very much in agreement with the literature data
shown in Table 2.1 p. 8.
In the study by Madsen et al, the experimental data points are compared with
theoretical predictions obtained using an analytical model (represented by Eq.
(6) in [68], similar to the model in Eq. 2.4). The mentioned study obtains good
agreement between experimental data and the model predictions. However, the
authors do not account for the twisting of the fibres. This means that, for
example, the 0◦ off-axis samples are modeled as true unidirectional composites,
while they actually consist of yarns with fibres twisted to a surface twisting
angle of 15.9◦. By fitting the analytical model to the data points, Madsen et
al. back calculates the stiffness of the flax fibres Ef to be 50.8 GPa, which is
clearly lower than the value of Ef = 65 GPa, used to obtain the fit in Fig. 3.7.
This demonstrates that ignoring the microstructure of the yarns can result in
an underestimation of the fibre stiffness.
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Figure 3.7: Plots of experimental test results (data points) and model predictions (red
curve). Data points from Madsen et al. [68].
In 1907 Gegauff proposed a simple model for predicting the stiffness of twisted
yarns [104]. Based on model of helix:




where Ef is the fibre stiffness, θ is the twisting angle, D is the yarn diameter
and Z is the twist number. The model only depends on the longitudinal fibre
stiffness and the twist number. This means that the stiffness of the fibre in the
transverse direction is not included, and interactions between fibres, e.g. the
±θ-stiffening effect, is ignored.
In a study by Rao and Farris [105] a geometrical model is developed for the
stiffness of twisted continuous fibre yarns. Rotational transformations of the
stiffness matrix, obtained from laminate plate theory, is used to account for the
fibre misalignments. Only non embedded yarns are treated implicitly, but the
authors notes that composite stiffnesses can be calculated as well. However, the
deformation properties of the individual fibres in a yarn and the deformation
properties of fibres in an embedded yarn, are different due to the ±θ-stiffening
effect in composites. This phenomenon is not included in the model developed
by Rao and Farris [105] meaning that the model is not readily applicable to
composite systems, as it will tend to underestimate the composite stiffness.
A na¨ıve approach for predicting the stiffness of a unidirectional composite based
on twisted fibre yarns loaded at some specific given off-axis angle θ = θ˜, might
be to first determine the stiffness at an off-axis angle of θ = 0 using a model like
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the one presented in [105], and then finding the transformed stiffness at θ = θ˜
using for example the analytical expression presented in Eq. 2.4. However, the
relation between fibre misalignment angle and composite stiffness is not linear.
Therefore, it is not possible to determine the composite stiffness by rotational
transformation of a calculated θ = 0 stiffness. A more correct approach is to
determine the effective fibre distribution relative to the load direction, and then
determine the stiffness while accounting for possible ±-stiffening effects. This
approach is followed in the model presented in Paper B. Therefore, the model
can be used to determine the stiffness of unidirectional composites based on
yarns with a combination of fibre twisting, yarn helicity and off-axis loading
yarn system. To the best of my knowledge, the literature does not contain a
model with the ability to calculate the stiffness of composites based on yarn
with a combination of misalignments.
3.3 Strain-dependent stiffness of NFCs
As mentioned in Section 2.6.2 (p. 36), a number of researchers have published
results showing that NFCs have a strain dependent stiffness, such that the
composite can be approximated to have one stiffness below a certain strain value,
and another stiffness above this strain value [30, 59, 89]. This strain value is
sometimes referred to as the transition point. The same non-linearity at low
strain levels is seen in single fibre tensile tests [24, 106], while [30] reports that
the non-linearity is not found in synthetic fibre composites and also not in pure
matrix specimens. Therefore the natural fibres are believed to be responsible
for this behaviour.
When analysing the stress-strain curves used for determining the composite stiff-
nesses reported in Fig. 3.6 in the previous section, the mentioned phenomenon
of non-linearity was observed. Each data point in Fig. 3.6 shows the average of
four tensile tests for each twisting angle. A characteristic stress-strain curve for
each specimen group is shown in Fig. 3.8, such that each curve corresponds to
a data point in Fig. 3.6. Visually, the presence of a transition point is evident
at approximately 0.2%.
Fig. 3.9 shows the differentiated versions of the same curves following




Thus the curves in Fig. 3.9 show how the stiffnesses of the composites (i.e. the
slopes of the curves) change with increasing strain. It is seen that the maximum
stiffness is found at ε = 0. Then the stiffnesses decrease approximately linearly
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Figure 3.8: Stress strain curves. The rainbow color coded entries in the legend refer
to the twist number (turns/meter) of the yarn samples, corresponding to the data points
in Fig. 3.6.
Figure 3.9: Plots of stiffness versus strain for the composites treated in Sec. 3.2.
The numbers in the legend indicates the twist number of the yarns.
until a plateau is reached at the strain transition point. By making linear fits
to first section and second section and then finding intersection between the
tangents, the transition point is determined to be at a strain value of 0.164%
for the 190 t/m specimen, see Fig. 3.10. This is in agreement with findings in
previous studies where transition values of 0.12%-0.14% are reported [30, 59].
From Fig. 3.9, the decrease in stiffness across the transition in seen to be
approximately 50%. Carpenter et al. also finds a stiffness reduction of 54% [59],
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Figure 3.10: Determination of transition point between the two linear regions. Close-
up of the 190 t/m curve.
while Hughes et al. report that composites based on unmodified fibres suffer a
greater stiffness decrease (54%) than composites based on fibre modified with
methacrylic anhydride or propionic anhydride (33-35%). Since the fibres used in
the present study was unmodified, the stiffness decrease result is in agreement
with the literature.
By loading a composite sample to different strain values before and after the
transition point, and then unloading, Hughes et al. found that by loading
the specimen to strain value higher than the transition point, the specimen
underwent non-reversible damage [30]. Other studies report a similar load cycle
behaviour from single fibre tests [53, 106]. Therefore, it is speculated that the
knee is related to micro structural damage in the natural fibres.
A number of researchers have observed the so-called strain hardening effect in
natural fibre composites, where the composite stiffness increases at a secondary
transition point [30, 53, 106]. This effect is believed to be related to the fibre
microstructure such that at strain values of ≈ 1%, microfibrils in the S2 sublayer
(originally oriented at 10◦ relative to the fibre direction) gradually becomes
aligned to the fibre direction, causing the increased stiffness [30, 107].
The effect of strain hardening was not observed in the present study. Contrarily,
it was found that some sample groups suffered a ”strain softening” effect. From
Fig. 3.9 it is seen that the high helicity (and low twist) yarn based composites
displayed decreasing stiffness after the transition, while the high twist (and
low helicity) yarn based composites have almost constant stiffnesses after the
transition. It is an interesting finding that the arrangement of the fibres in the
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yarn influences the strain dependency of the stiffness after the transition. It
can be speculated that the high helicity yarns are able to comply to the strain
by straightening out, much like a coil spring, while the fibres in the high twist
yarns interlock, thereby lowering the compliance of the yarn.
3.4 Damage evolution in NFCs
As mentioned in Section 3.1 (p. 43), understanding the microstructure of com-
posites is important for optimising the strength properties. In Paper A, a X-
ray tomographic microscopy (XTM) study is performed with the objective of
gaining visual insight into damage mechanisms in unidirectional notched flax fi-
bre/polypropylene composites. The principles of XTM was described in Section
2.6.1 (p. 30). In order to visualise the evolution of damage in the composite
specimens, in situ step-load tensile tests was done at a synchrotron XTM to-
mography facility, such that 3D imaging was done at a number of arrested load
steps. Thereby a rudimentary 3D movie (albeit only with nine frames) of the
evolution of microscale damage was obtained.
A custom-built loading fixture, shown in Fig. 3.11, was used for XTM in situ
tensile testing. The fixture is small and light, but capable of applying a tensile
force up to 1.5 kN. As seen in Fig. 3.11, the part of the fixture being exposed
to the X-ray beam is made from clear polymethyl methacrylate for minimal
beam attenuation. The specimens were scanned by XTM at nominal stress
values of 0, 20, 35, 60, 70, 80, 90, 100 and 110 MPa, with 110 MPa being
very close to the failure stress of the composites. The notched geometry of
the specimen makes a non-uniform stress field, hence the term ‘nominal’. At
each load step, after applying the desired load, the specimen was unloaded by
25% to prevent evolution of further damage to the specimen during scanning,
which would result in blurry images. The loading/imaging sequence is shown in
Fig. 3.12. The entire sequence lasted more than 4 hours, as a single scan took
roughly 30 min.
Comparing the stages of microscale damage at the different load levels, three
characteristic mechanisms are identified
• interface splitting cracks growing along the fibre/matrix-interfaces parallel
to the tensile direction
• matrix shear cracks seen in conjunction with the notched region
• fibre failures typically seen at fibre defects
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Figure 3.11: Photo from XTM facility showing the specimen holder and the detector.
The specimen holder was kindly supplied by the group of Ian Sinclair, Southampton
University, United Kingdom.
Figure 3.12: Loading cycle. Scans are performed at the horizontal steps.
Examples of the three distinct damage mechanisms are shown in Fig. 3.13.
The three mechanisms occur at about 50%, 75% and 90% of the failure stress,
respectively, see Fig. 3.14. However, these load level values will depend on the
material system and the geometry of the sample (e.g. size of notch compared
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Figure 3.13: Characteristic identified damage mechanisms.
Figure 3.14: The sequence of evolution of damage mechanisms is illustrated.
to width of specimen).
Interface splitting cracks, matrix shear cracks and fibre failures are not unique
to NFCs, since all three damage mechanisms are also seen in notched carbon
fibre test specimens subjected to similar in situ step-load tensile tests [28, 29].
However, as mentioned initially, while synthetic fibres are fabricated with uni-
form thicknesses, natural fibres often have defects, often have non-uniform thick-
nesses, and some fibres are even cemented together in fibre bundles. As discussed
in the following, this influences the presence and development of damage by the
mentioned mechanisms.
Single fibre tensile tests reveal that fibre failures often initiate at fibre defects
[24]. The present study shows that this is also the case for when the fibres
are used for composites. This is demonstrated in Fig. 3.15, where eight fibre
failures are seen at a load of 110 MPa, of which at least three happen where
fibre defects were initially observable at a load level of 60 MPa (and also at 0
MPa, image not shown.)
Fig. 3.16 shows a barrel shaped node defect in a single flax fibre similar to
the one shown in the SEM image in Fig. 2.12b (p. 15). Figs. 3.16a and b
show the surface of the node in the unloaded and the loaded state, while Figs.
3.16c and d, shows the same node with the slices placed slightly deeper into the
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Figure 3.15: Left: At a nominal load of 60 MPa, a number of fibre defects are seen.
Right: At 110 MPa, many fibre failures are seen at fibre defects, indicating that the
fibre defects are weak point along the fibre.
Figure 3.16: Failure is seen at a barrel-shaped defect. It is also seen that the defect
extends into the centre of the fibre.
composite such that the interior of the node is seen. Two things can be learned.
Firstly, it is seen that the fibre suffers a fibre failure at the node, revealing the
the node is a weak point. Secondly, while the Fig. 2.12b reveals that the node
has a barrel shape on the outside, Figs. 3.16c and d show that the node also
has some internal structure, such that it extends into the lumen, possible all the
way across the lumen, very much like the nodes in bamboo.
Fig. 3.17 shows a SEM-photo of a fibre bundle with a defect across the width
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Figure 3.17: Large fibre bundle with a defect across the bundle.
of the bundle. As mentioned earlier, excessive bending of elementary fibres are
speculated to be one of the causes for fibre defects, and it is reasonable to expect
that the same holds for fibre bundles. An important finding of Paper A is that
the fibres in a fibre bundle were observed to fail across the entire bundle. This
effect is shown in Fig. 3.18. This indicates that a fibre bundle effectively behaves
Figure 3.18: The fibres in a bundle fail across the entire cross section of the bundle
in the same plane.
like a very large singular fibre. As discussed in Section 2.5 (p. 25), under the
assumption of local load sharing, the severity of the stress concentration around
a broken fibre is related to the diameter of the fibre. This means that a failed
fibre bundle consisting of 10 elementary fibres, can be expected to be more
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crucial than 10 individual fibre failures dispersed in the composite sample, since
a failed fibre bundle results in a single large stress concentration, which can
grow in to a large scale cracks possibly leading to ultimate failure.
Figure 3.19: One fibre failure in the bundle leads to failure of the entire bundle. This
is an indication of local load sharing.
Another example of fibre bundle failure is shown in Fig. 3.19. In this case, the
failure initiates at one fibre in the bundle, and then spreads across the entire
width of the bundle. This is a clear indication of local load sharing, where the
load carried by the broken fibres are transferred to the immediate surroundings.
Also, since the fibres in the bundle is cemented together by pectins, it is reason-
able to assume that no interface debonding takes place internally in the fibre
bundle. As mentioned in Section 2.5.1 (p. 25), interface debonding can lead to
global load sharing.
It has previously been found that the strength of individual fibres decreases
logarithmically with the diameter, and the tendency is very pronounced with
elementary fibers having strength values more than 100% higher than fibre bun-
dles of diameters 75-125µm [108]. It is reasonable to assume that a fibre bundle
is more likely to contain a flaw from which fracture can develop. This is sim-
ilar to a simple ”weakest-link” model, which can be modeled statistically by
the Weibull approach. Lilholt reports that bundle strength efficiencies (ratio of
bundle strength versus individual fibre strength) of 50-61% for flax fibre bundles
[109].
The fibre bundle/matrix-interfaces were observed to be more likely to develop
interface damage than interfaces between the matrix and individual fibres. This
is exemplified in Fig. 3.20 where all interface cracks are observed at the surfaces
of fibre bundles. In Paper A, it is speculated that this might be related to thick
fibres having a higher energy release rate, i.e. G ∝ r.
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Figure 3.20: Interface cracks are only seen at surfaces of fibre bundles.
Since the fibre bundle failure mechanism is unique to NFCs, it is well worth
investigating whether a connection exists between fibre bundle failure and the
relatively low strength of NFCs. Based on the findings in the present study, well
separated fibres with a low number of defects are recommended for composite
reinforcements.
3.5 Fracture toughness
This section is divided in two parts, covering the findings of papers C and
D. Section 3.5.1 presents the development of a novel approach for determining
the fracture toughness (J-integral) of composite laminates using the double
cantilever beam (DCB) test geometry, while Section 3.5.2 presents a study where
the novel approach is applied for studying the fracture toughness of natural fibre
composites made from yarns with a range of fibre twisting angles.
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3.5.1 The curvature approach
A type of failure often seen in laminates and sandwich structures is delamination,
e.g. cracking along interfaces between plies, along adhesive/laminate interfaces
and along sandwich/core interfaces. As discussed in Sec. 2.6.3, the resistance
against such failures is denoted fracture toughness, and is measured in J/m2.
This unit hints at the nature of this parameter: It can be seen as a measure of
the amount of energy required to create new surface area by growing a crack
through a material.
Figure 3.21: Generic multilayer DCB specimen loaded with uneven bending moments.
The fracture toughness for cracks in a multilayer material can be found using a
DCB specimen as shown in Fig. 3.21. Lundsgaard-Larsen et al. have presented
a method for determining the fracture toughness by a combination of the J
integral approach (Sec. 2.5.2 p. 29) and laminate theory (Sec. 2.4 p. 23) [84].
The model needs the following inputs: Young’s modulus of all layers, thickness
of all layers and moments applied to all beams. For a multilayer specimen, it
can be lengthy and/or difficult to determine Young’s modulus and thicknesses
of all layers with great precision. Also, determining the Young’s moduli of the
layers individually might not suffice, since differences in Poisson ratios and ±-
stiffening effects, can result in the layers having effective stiffness in the laminate
differing from the stiffnesses determined for the individual layers.
In Paper C, a novel method is developed for determining the fracture tough-
ness by the DCB test specimen. With this approach, it is only necessary to
determine the moments applied to each beam and the curvature of each beam.
No knowledge of the individual layers is required. On the basis of linear elastic
























Unlike the traditional laminate theory based approach [84], no knowledge is
needed of the layup sequence and laminate thickness or stiffness. This is an
advantage when studying complicated layups, or layups with unknown lamina
stiffnesses.
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The curvatures of the beams are determined using at setup of strain gauges,
where a strain gauge is adhered to the top and bottom surface of each loaded







To evaluate the proposed model, an experimental study is made of DCB spec-
imens consisting of a pair of three glass fiber/polyester layers joined by an
adhesive in the centre, see Fig. 3.22. As illustrated in the figure, the beams
consisted of two materials A and B, and two different layups were used. To de-
Figure 3.22: Left: DCB specimens made by joining two symmetric 3-ply beams (thick-
ness 10 mm) with an adhesive layer (thickness 5 mm). The two load configurations
are illustrated. The mode I load configuration corresponds to M1 = −M , M2 = M
and M3 = 0, while the mixed mode configuration corresponds to M1 = 0, M2 = M
and M3 = M . The locations of the strain gauges are illustrated. Right: Sketches of
the two layups.
termine the curvatures of the beams, an arrangement of strain gauges was used.
To compare the novel approach to the established laminate theory approach,
the data obtained from the experiments were to be treated used both the tra-
ditional approach and proposed approach based on beam curvatures. Therefore
the stiffnesses and thicknesses of the individual layers were needed as well.
The effective Young’s moduli for the two materials A and B were determined
experimentally by a procedure where it was exploited that two different layups
were available. By performing tensile tests on spare beams of both layups,
the effective stiffness E¯ of each layup was determined. By determining the
thicknesses of all layers, a equation system could be set up, containing two
equations with only the effective stiffnesses of the two materials E¯A and E¯B as
the two unknowns. In the analysis h1 and h3 denote the thicknesses of the two
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where H is the thickness of the beam and L1, L2 denotes layup 1 and 2 respec-
tively. By solving this equation system (two equations with two unknowns) for
E¯A and E¯B , the effective Young’s moduli of the materials were found.
The DCB tests were performed using the setup described in Sec. 2.6.3. During
the DCB tests, it was observed that some specimens had multiple crack tips.
This is illustrated in Fig. 3.23. Treating the data with the two approaches, good
Figure 3.23: Photographs of four test specimens during crack growth. The pictures
show a characteristic specimen from each of the four test groups a) L1MI, b) L2MI,
c) L1MM and d) L2MM. L1 = layup 1, L2 = layup 2, M1 = mode I load and MM =
mixed mode load.
agreement was obtained for the single crack tip and double crack tip specimens,
while the curvature approach gave higher fracture toughness values than the
laminate theory approach for the triple crack tip specimens. In the paper, it is
argued that a triple crack tip failure can be expected to take up more energy
than a single or double crack tip failure. This is one of the reasons why the
results from the curvature approach are deemed more realistic than the results
from the laminate theory approach.
Crack initiation values J0 were found to be 314± 49J/m
2 and 392± 60J/m2 for
the mode I tests and the mixed mode tests, respectively. Mode I tests displayed
steady-state crack growth toughness values Jss of ≈ 750J/m
2, while mixed mode
tests were found to have Jss ≈ 1650J/m
2 for double crack tip specimens and
Jss ≈ 3000J/m
2 for triple crack tip experiments.
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3.5.2 Composites of twisted natural fibre yarns
In Paper D, the method derived in Paper C is applied to determine the fracture
toughness of DCB specimens made from flax/PLA composite panels. These
panels were made from yarns with a range of twisting angles (1◦, 18◦ and 30◦).
This allowed for a study of the relation between fracture toughness and fibre
twisting angle.
Due to the chosen specimen geometry, it was not possible to adhere strain
gauges to the inner surfaces, and thus the inner strain gauges were embedded in
the beams. An assumption of linear strain variance is used to extrapolate the
inner surface strains from the setup of strain gauges. With the strain gauges
Figure 3.24: Numbering of strain gauges. The specimen has been opened visually
such that εb1 and ε
t
2 can be distinguished.





















where εA, εB , εC , εD and x2,A = −(H2+t), x2,B = −t, x2,C = t, x2,D = H1+t are








In addition to specimens made using yarns with the three levels of twisting,
an unintentional manufacturing error resulted in a composite panel with a high
porosity content. All fabricated specimens were tested under a mode I load
configuration using pure moments. Tests were performed following the setup
and procedure described in Paper C. The results for crack initiation toughness
and steady-state crack growth toughness are shown in Table 3.2 together with
results for fibre twisting angle and porosity content Vp.
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Bridging laws for the crack growth experiments were obtained by differentiation
of the J integral with respect to the crack end-opening δ∗ using a moving window
routine. With this routine, a small window was moved through the data set,
and for each data point a 2nd degree polynomial was fitted to the small interval
defined by the window centered around the data point.
A model [78] predicts that the relation between bridging laws and crack end
opening can by expressed as σ(δ∗) = λ√
δ∗
. Fig. 3.25 shows an example of
Figure 3.25: Example of plot of bridging law. The data are obtained for the panel B
specimens
obtained data for bridging laws, together with a fit of the model. The bridging
laws at crack initiation are included in Table 3.2.
Panel Twisting angle (◦) Vp(%) J0 (J/m
2) Jss (J/m
2) σ0 (MPa)
A 1 1.39 ± 0.09 1629± 79 ≈ 4400 11.8± 2.2
B 18 1.86 ± 0.29 1023± 159 3372± 607 9.39± 2.8
C 30 2.15 ± 0.30 131± 36 484± 47 1.10± 0.24
D 1 8.36 ± 0.62 85± 67 386± 78 0.479± 0.23
Table 3.2: Values of the bridging laws at the crack initiation point. From photos it
was found that crack initiation corresponds to an extensometer opening of 40 µm.
In the paper, it is concluded that the fracture toughness is greatly influenced
by the fibre twisting level. This is evident from Table 3.2, where it is seen that
the specimens made with yarns with no fibre twisting were more than 10 times
tougher than the specimens with a high degree of twisting.
It is argued that the dependency of twisting might be partly due to differences
in bridging filaments. From images of test specimens and SEM images of the
68 Findings and results
fracture surfaces, it is observed that the specimens with no twisting has bridging
zones made up of many individual fibres, while specimens with high twist levels
have bridging zones made up of a few entire yarns.
By modeling these bridging zone situations with a geometrical bridging filament
model found in the literature, it was found that, in the most extreme case, this
effect would account for only a little more than 1/10 of the difference between
the different systems.
Specimens with porosity contents of ≈ 8% was compared with specimens which
had porosity contents < 1.5%. It was found that the porous specimens had
crack initiation and crack growth toughness of ≈ 1/20th of the specimens with
low porosity content.
Comparison with glass fibre based composites reveal that natural fibre compos-
ites can attain equal or higher fracture toughness values. When the low density




A recurring theme in this thesis has been trying to understand the relation
between microstructure and mechanical properties of unidirectional flax fibre
composites. Special focus has been put on investigating the fibre architecture,
i.e. the microstructure of the natural fibre yarns. This section briefly summa-
rizes the main results of the various areas covered in this thesis.
From the in situ tensile tests performed on notched specimens at the X-ray
tomographic microscopy facility, a number of visualisations were acquired of 3D
microstructures at different load steps. Three distinct damage mechanisms were
identified: (i) interface splitting cracks typically seen at the interfaces of bundles
of unseparated fibres, (ii) matrix shear cracks, and (iii) fibre failures typically
seen at fibre defects. The three damage mechanisms initiated at about 50, 75
and 90% of the failure stress, respectively.
It was observed that fibres have a tendency to be situated in bundles of 5-15
unseparated fibres. These fibre bundles were found to play a significant role
for the evolution of damage. From the 3D visualisations, it was found that the
interfaces between such bundles and the matrix material are likely to fail by
debonding. Such debonding was observed to occur in samples subjected to low
tensile loads, and grow into splitting cracks as load was increased.
Another issue arising from the presence of fibre bundles is related to fibre defects
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and fibre failures. Fibre bundles were found to have fibre defects across the entire
bundles, and during loading, they often fail across the entire bundle, implying
that the bundles effectively behave as very thick fibres. It is argued that this
phenomena is possibly related to local load sharing, and that a failed bundle
will give rise to a large local stress concentration. This stress concentration can
grow into a large-scale failure, such that the fibre bundles effectively lowers the
ultimate strength of the composites.
In a study regarding the relation between different kinds of fibre misalignment
and the resulting composite stiffness, it was found that the tradition of twisting
the fibres to form fibre yarns means that the potential of natural fibres are not
fulfilled. In the study, a model is derived of a unidirectional composite based
on yarns with three kinds of misalignment; fibre twisting, yarn helicity and off-
axis loading. From the experimental programme and the developed model, it is
found that yarn helicity is more detrimental than fibre twisting with regards to
composite stiffness. Therefore special care should be taken by manufacturers of
wrap-spun yarns, where a too tight wrap filament might force the yarn into a
helix shape.
Traditionally, the fracture toughness of a material can be determined with a
laminate plate version of the J integral formulation. For this, all lamina thick-
nesses and stiffnesses are necessary. An novel test approach for determining the
J integral for multilayer double cantilever beam specimens was developed. With
this approach, the J integral is calculated from the applied pure moments and
the beam curvatures. This approach is especially well-suited for multilayer lami-
nates, since no knowledge is needed on the thickness and stiffnesses of individual
laminas in the beams. Different configurations of strain gauges was proposed for
determination of the beam curvatures. In an experiment comparing the novel
curvature based approach with the traditional approach, good agreement was
obtained.
The curvature based approach was used to characterise the fracture toughness
of unidirectional flax fibre yarn/PLA specimens. It was found that the fracture
toughness is greatly influenced by the fibre twisting level, such that the speci-
mens made with yarns with no fibre twisting were more than 10 times tougher
than the specimens with a high degree of twisting. Comments were made on
the possible reasons for this strong dependency on fibre twisting. It was found
that difference in bridging filaments (individual fibres for untwisted yarns versus
entire yarns for twisted yarns) could only account for a small part of the dif-
ference in toughness. It was found that specimens with high porosity contents
(≈ 8%) were ≈20 times less resistant against crack initiation and crack growth
than similar specimens with low porosity content (< 1.5%). This underlines the
importance of avoiding porosities in composite material production. Compari-
son with glass fibre based composites revealed that natural fibre composites can
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attain equal or higher fracture toughness values.
Based on the present thesis, it is evident that natural fibre based composites
have potential for improvement in several areas. The ideal natural fibre rein-
forcement consists of individual straight fibres which are evenly distributed in
the composite. Thereby the composite will have a high stiffness (due to high
degree of fibre alignment), high strength (due to low presence of stress concen-





It was found that good fibre separation is of high importance for optimizing
the strength of natural fibre composites. While good fibre separation is read-
ily achievable on lab-scale, a cost-effective method should be sought after for
industrial application. Also, the method should be relatively gentle, such that
excessive fibre defects are not introduced.
Improvement in composite stiffness can be achieved by further optimization of
the fibre architecture. Therefore, a preform with fully aligned natural fibres
should be sought after. Recent developments have resulted in tapes of preim-
pregnated parallel fibres. However, with traditional composites, prepregs are
more expensive than the raw-materials. The same problem is likely to occur
for the tapes of parallel natural fibres. So a cost-effective solution should be
developed.
Continuous bio-derived man-made fibres have been made available, under the
tradename Lyocell. These fibres have shown promising results [110, 111]. It
can be speculated that such continuous fibres might offer new possibilities for
optimizing the fibre microstructure. Thus, a study of composites based on such
fibres would be an obvious extension of the work presented in this thesis.
In this study, XTM has been used qualitatively to identify damage mechanisms
in unidirectional composites during uniaxial loading. The quality of the images
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obtained shows that XTM can be applied for quantitative studies, e.g. for
obtaining data for the relation between splitting crack opening and applied
load. Such data sets would be useful for inputs in numerical models of fracture
behaviour.
In Paper C, it was found that, during DCB tests, the initial single crack can
develop into a multitip crack with 2-3 crack tips, thereby greatly increasing the
fracture toughness. By performing finite element simulations of this observa-
tion, the phenomena may be understood. Thereby it can be utilized in future
composite constructions, to make them less vulnerable to cracks.
To gain further understanding of the relation between natural fibre yarn twist-
ing and composite fracture toughness, a study should be performed with more
twisting levels, e.g. 0◦, 5◦, 10◦, 15◦, 20◦, 25◦ and 30◦. Thereby, the transition
point from high toughness to low toughness could be established. Furthermore,
fracture tests should be done in situ in an SEM setup [112], to get a better idea
of the damage mechanisms and development of fibre bridging.
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Appendix A
In situ observations of
microscale damage evolution
in unidirectional natural fibre
composites
Synchrotron X-ray tomographic microscopy is used to study changes in the
microstructure of a flax/PP specimen during loading. Three distinct damage
mechanisms are identified.
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D. Synchrotron X-ray tomography
a b s t r a c t
Synchrotron X-ray tomographic microscopy (XTM) has been used to observe in situ damage evolution in
unidirectional flax fibre yarn/polypropylene composites loaded in uniaxial tension at stress levels
between 20% and 95% of the ultimate failure stress. XTM allows for 3D visualization of the internal dam-
age state at each stress level. The overall aim of the study is to gain a better understanding of the damage
mechanisms in natural fibre composites. This is necessary if they are to be optimized to fulfil their prom-
ising potential. Three dominating damage mechanisms have been identified: (i) interface splitting cracks
typically seen at the interfaces of bundles of unseparated fibres, (ii) matrix shear cracks, and (iii) fibre fail-
ures typically seen at fibre defects. Based on the findings in the present study, well separated fibres with a
low number of defects are recommended for composite reinforcements.
Ó 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Motivated by the growing awareness of occurring and immi-
nent climate changes, an increasing amount of interest has been
focused on replacing traditional solutions with sustainable alterna-
tives. This tendency is also seen in materials science, where
attempts are being made to replace traditional fossil based materi-
als with natural derived counterparts [1]. As such, the present
study is carried out with the overall purpose of contributing to
optimize natural fibre composites for load-bearing applications.
This is an area with great potential, as the theoretical reinforce-
ment capability of natural fibres indicates that they can be a com-
petitive alternative to traditional glass fibres [2]. Presently, the
strength of natural fibres composites is not as high as expected
based on the findings from single fibre tests, where natural fibres
show strength properties of up to 1800 MPa [3]. In order to under-
stand why these fibre strength properties are not fully utilized in
composites, it is necessary to gain further insight into the
strength-controlling failure mechanisms in the composites.
Natural fibres such as hemp and flax are obtained from the
stems of the respective plants. Depending of the application, the
fibres can be separated into individual fibres (sometimes referred
to as fibre ultimates), or into fibre bundles (sometimes referred to
as technical fibres) consisting of 5–500 individual fibres [4]. The fi-
bre bundles are composed of individual fibres kept together mainly
by pectins, meaning that the fibre bundles themselves are actually
composite structures. Fibre bundles have diameters of 30–300 lm,
while individual fibres have diameters of 15–35 lm. Whereas syn-
thetic fibres used for composite reinforcement (e.g. glass and car-
bon) are handled in rovings, in which the continuous fibres are
arranged in a parallel fashion, this cannot be done for natural fibres
due to their short lengths in the range 5–50 mm for hemp and flax
fibres. Instead, a loose assembly of parallel fibres are twisted to
form a fibre yarn, in which the integrity of the fibre assembly is
maintained by the internal friction forces between individual fi-
bres. These fibre yarns with typical diameters of 300–2000 lm
are not to be confused with the fibre bundles. The relations be-
tween fibre yarns, fibre bundles and individual fibres are illus-
trated schematically in Fig. 1.
The failure mechanism of a fibre is related to its brittleness. The
failure of brittle fibres like glass fibres is to a large extent con-
trolled by defects in the fibres, and may best be described by Wei-
bull statistics [5]. It is known that the strength and failure
mechanism of natural fibres are also largely affected by the pres-
ence of defects [3,6]. The field of study of defects in natural fibres
is still developing, and the terminology is not yet fully developed. It
is known that flax fibres have some localized structural irregulari-
ties in their cell walls, sometimes referred to as kink bands, dislo-
cations or nodes [7]. In the present study they will be referred to
simply as defects. It is widely believed that such defects are formed
by excessive compressive loading (e.g. excessive bending) of the
fibre during handling and processing, resulting in local disorgani-
zation of the otherwise well-aligned cellulose microfibrils in the
1359-835X/$ - see front matter Ó 2012 Elsevier Ltd. All rights reserved.
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cell wall of the natural fibres [8,9]. In composite materials, such fi-
bre defects are known to be weak nodes giving rise to stress con-
centrations in the surrounding matrix, and ultimately fibre
failure during tensile loading [10].
In order to achieve stronger natural fibre composites, it is nec-
essary to understand the damage mechanisms of these materials.
As such, in this study, the three-dimensional microstructural dam-
age evolution of unidirectional (UD) natural fibre composites is
studied in situ during loading until failure. Synchrotron X-ray
tomographic microscopy (XTM) has proven itself a valuable tool
for investigations of failure mechanisms in conventional fossil
based composites materials [11,12]. In the present study, in situ
XTM observations were made of notched specimens of UD flax fi-
bre/polypropylene composites at a number of load steps during
uniaxial tension tests.
2. Materials and methods
Flax fibre yarns with a linear density of 110 g/km and a twist
number of 313 turns per meter, giving a surface twisting angle of
about 18° were supplied by Ekotex, Poland. The thermoplastic
polymer, polypropylene (PP) supplied by Comfil, Denmark, was
used as matrix material in the form of filaments with a linear den-
sity of 51 g/km. PP was chosen as matrix material since it has a rel-
atively low density of 0.91 g/cm3 compared with the higher
density of 1.55 g/cm3 for flax fibres, in order to have the best pos-
sible contrast in the XTM experiments.
2.1. Description of composite manufacturing
The composite panels were manufactured by filament winding
followed by press consolidation [13]. The advantage of filament
winding is that it allows for manufacturing of unidirectional com-
posites with a very high degree (±1°) of fibre yarn alignment. Flax
fibre yarns and PP matrix filaments were wound together on a steel
frame of dimensions 450  500 mm2. The number of fibre yarns
and matrix filaments was such that a fibre volume fraction of
0.37 was attained in the final composite panel. Following the fila-
ment winding, the fibre/matrix assembly was dried under vacuum
for 24 h at room temperature to remove humidity from the natural
fibres. The assembly was then processed in two steps. Firstly, the
fibre/matrix assembly was heated to 190 °C for 15 min to melt
the PP matrix. This was done under vacuum to avoid entrapment
of air. Secondly, the assembly was press consolidated for 1 min
at 30 °C at a pressure of 800 kPa. The dimensions of the manufac-
tured composite panel were 250  400 mm2, with a thickness of
2.9 mm.
2.2. Description of test specimens
Performing high resolution XTM scanning puts some limitations
on the dimensions of the test specimens. In the present study, test
specimens of dimensions 70  3  1 mm3 were used. The geome-
try and the dimensions of the test specimens, as well as the orien-
tation with respect to a coordinate system are shown in Fig. 2a. The
test specimens were cut from the composite panel with the tensile
axis along the fibre yarn axis. The specimens were grinded and pol-
ished to a thickness of 1 mm. In order to ensure that damage devel-
oped in a well-localized region, the specimens were notched. The
notches are half circles made using a 2 mm end mill, resulting in
a nominal 1  1 mm2 square cross section at the middle of the
notched region. Aluminium tabs were glued with a cyanoacrylate
adhesive at each end of the specimens to facilitate fixing the spec-
imens in the loading fixture.
2.3. Description of tensile testing procedure
A custom-built loading fixture was used for XTM in situ
tensile testing [14]. The fixture is small and light, but capable of
a b c
Fig. 1. Schematic illustration of the relation between (a) fibre yarn, (b) fibre bundle and (c) individual fibres. Cross sections of the fibres are shown. The fibre yarn consists of
individual fibres and fibre bundles. A fibre bundle consists of individual fibres bound together by pectin in the middle lamella. By applying chemical and mechanical
treatments, the fibre bundles can be separated into individual fibres.
a b
Fig. 2. (a) Sketch of a test specimen showing the specimen geometry. (b) An
example of a reconstructed 3D volume from the XTM scans. The volume
corresponds to the box in (a). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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applying a tensile force up to 1.5 kN. The part of the fixture being
exposed to the X-ray beam is made from polymethyl methacrylate
for minimal beam attenuation. The top of the fixture features a hex
screw, which can be manually turned to control the displacement
applied to the specimen, thereby loading the specimen. The
applied force was measured at a rate of 1 Hz with a built-in
1.5 kN load cell. The load was converted to a nominal stress value,
calculated as the applied force divided by the cross sectional area
at the middle of the notched region (=1  1 mm2). The specimens
were scanned by XTM at nominal stress values of 0, 20, 35, 60,
70, 80, 90, 100 and 110 MPa. The notched geometry of the speci-
men makes a non-uniform stress field, hence the term ‘nominal’.
At each load step, after applying the desired load, the specimen
was unloaded by 25% to prevent evolution of further damage to
the specimen during scanning, which would result in blurry
images. Henceforward, when referring to a certain stress level, it
means that the specimen was loaded to that stress level and was
then unloaded by 25%. Five specimens were tested to failure during
XTM scanning.
2.4. Preliminary tests
Preliminary tensile tests were performed to validate that the
specimens developed damage in the notched region. Monotonic
tensile tests were performed on a standard hydraulic tensile test-
ing machine at a displacement rate of 0.5 mm/min. During these
tests, the specimens were equipped with acoustic emission
equipment in order to select the appropriate stress levels for the
observation of damage evolution from zero stress to the final
failure stress. Two samples were tested, and they both failed in
the notched region with ultimate strengths of 161 MPa and
169 MPa.
Another series of laboratory tests were performed to simulate
the step-wise load sequence used at the synchrotron facility. The
specimens were loaded to 60, 90, 120 and 150 MPa. Following each
load step, the specimens were subsequently unloaded by 25% and
kept at constant displacement for 30 min. Two samples
were tested and ultimate strengths of 111 MPa and 140 MPa were
found.
2.5. Description of beamline and data acquisition
The XTM experiments were conducted at the TOMCAT beamline
located at the X02DA port of the Swiss Light Source at the Paul
Scherrer Institut, Switzerland. An X-ray photon energy of 25 keV
was used, with 700 ms exposure times, and 1501 projections were
captured over the 180° of rotation. The detector was a Ce-doped
LAG scintillator with a thickness of 25 lm, and a 2048  2048 pixel
CCD camera with a 280c digital/analog converter and a 10 MHz
read-out speed. The loading fixture was mounted on the sample
stage and a total of 2048 slices, with a spatial resolution of
0.74  0.74  0.74 lm3/voxel, were collected at each load step.
This corresponds to a scanned volume of 1.48  1.48  1.48 mm3,
which was centred at the notched region of the specimen. The
method of inline phase contrast tomography utilizing the Modified
Bronnikov Algorithm [15] was employed to enhance the visibility
of the interfaces.
Prior to the analysis of the failure evolution, the reconstructed
3D volumes corresponding to each load step needed to be aligned
with respect to each other. In order to reduce the computational
requirements associated with the alignment process, the 3D vol-
umes were resampled to 10243 voxels, with a voxel size of
1.48 lm, using the Lanczos filter in the Avizo software [16]. The
resampled volumes were subsequently aligned based on the Avizo
registration tool utilizing normalized mutual information.
2.6. Scanning electron microscopy
Scanning electron microscope (SEM) images of the flax fibre
yarn were made with a Hitachi TM-1000 table-top SEM. Yarn sam-
ples were attached to a standard specimen holder with double-
sided adhesive carbon tape. The samples were not coated, as the




Fig. 2b shows an example of a reconstructed 3D volume of the
scanned region of a test specimen. Based on such 3D volumes,
2D slices in any desired plane can be made. Fig. 3a shows an inter-
nal slice in the x,y-plane of a test specimen in the unloaded state.
From this figure it can be seen that the flax fibres are situated
in large semi-circular fibre assemblies with diameters of
a
b
Fig. 3. Examples of two internal 2D slices in a scanned 3D volume: (a) slice in x,y-
plane, and (b) slice in x,z-plane. A number of microstructural features are indicated
on the images.
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300–400 lm. These fibre assemblies are the flax yarns. A number
of additional microstructural features can be seen on the tomo-
graph including (i) the flax fibres having polygonal cross-sectional
shapes and variable sized luminal cavities, (ii) the unseparated
bundles of fibres within the yarns, (iii) the PP matrix which is
impregnating the fibre yarns almost completely, (iv) the different
types of porosities located inside the fibres, at the fibre/matrix
interfaces, and in the matrix, and (v) the cracks, located especially
in proximity to the surfaces of the specimen. As the specimen is in
the unloaded state, these cracks must be a result of specimen
preparation.
Fig. 3b shows a slice of the same specimen as in Fig. 3a, but now
in the x,z-plane. It is seen that the flax fibre yarns are now parallel
to the z-axis, while the individual fibres are observed to be oriented
with an angle to the yarn axis of about 10–15°. This is expected
since natural fibre yarns are made by a spinning process where
the fibres are twisted in a helical configuration. Note that this angle
is smaller than the surface twisting angle (18°), indicating that the
fibre twisting angle is not constant through the yarn [13].
3.2. Microstructural damage
Having established that a number of microstructural features
can clearly be observed from the tomographs, the following sec-
tions will focus on how damage develops in the specimens during
uniaxial loading in the fibre yarn direction. The five specimens that
were tested by the step-wise loading during XTM scanning showed
an average failure stress of 109 ± 8 MPa. By having carefully
inspected all reconstructed 3D volumes, it is evident that three
characteristic damage mechanisms can be identified: (i) interface
splitting cracks, (ii) matrix shear cracks, and (iii) fibre failures. A
single test specimen has been chosen, and representative 2D slices
at different stress levels will be shown to visualize and describe the
three damagemechanisms. The chosen test specimen is assumed to
be representative, and was selected because it contained the fewest
number of initial defects from specimen preparation and handling.
3.2.1. Interface splitting cracks
Fibre/matrix-interface debonding was found to be a dominating
damage mechanism in all analyzed specimens. At high load levels,
these debondings resulted in large (around 0.5–1.0 mm) splitting
cracks, i.e. cracks oriented along the fibres in the z-direction, prop-
agating along the interfaces between the fibres and matrix. Accord-
ingly, this damage mechanism is denoted interface splitting cracks.
Examples can be seen in Figs. 4 and 5.
Fig. 4 shows a 2D slice in the x,z-plane, 140 lm from the middle
of the specimen. The figure exemplifies how the splitting cracks
typically initiate at the notch and grow in the z-direction when
the load is increased. The individual splitting cracks are indicated
with numbers on the images. On the image showing the 20 MPa
stress level, splitting cracks 1 and 2 are seen. These cracks are also
present at the unloaded state (image not shown here) and there-
fore cracks 1 and 2 are believed to result from specimen prepara-
tion. At 60 MPa, it is observed that the openings of cracks 1 and
Fig. 4. Interface splitting cracks. Shown are four 2D slices at the same position in the x,z-plane, but at different stress levels. It is seen that the number and size of splitting
cracks (indicated with numbers) grow with the applied stress. For the final stress level, the cracks grow together forming larger cracks.
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2 have increased. Furthermore, two additional splitting cracks 3
and 4 are now observed. At 90 MPa, crack 2 has merged with crack
1, thereby forming one large crack. Cracks 3 and 4 are now longer
and have larger crack openings. As also indicated in the images, the
location of the crack tip is moving downwards, demonstrating that
the splitting crack length increases with increasing applied stress.
At the final stress level of 110 MPa, the combined crack 1–2 has a
crack opening of around 20 lm. Cracks 3 and 4 have merged to
form a large crack with a crack opening of around 15 lm. More-
over, an additional crack 5 has appeared and the combined length
of the splitting crack (cracks 1–5) is now about 700 lm. The spec-
imen failed when the stress level was increased above 110 MPa.
Fig. 5 shows an x,y-slice positioned 458 lm above the middle of
the specimen. As indicated with arrows on the images, numerous
smaller splitting cracks can be observed. The length and opening
of these cracks is increased when the stress is increased. At the
110 MPa stress level, a dotted line on the image shows the pro-
jected position in the z-direction of the centre of the left notch. It
is seen that the majority of splitting cracks are found around the
dotted line, indicating that they initiate at the centre of the notch,
and then propagate in the z-direction. In addition, close inspection
of Fig. 5 reveals that a significant amount of the interface splitting
cracks is formed at the interfaces of bundles of unseparated fibres.
This is shown in more detail in Fig. 6, where it is clearly seen that
splitting cracks initiate at the fibre bundles.
In most cases, the interface splitting cracks are found to develop
at the 60 MPa stress level, and then grow at each following load
step.
3.2.2. Matrix shear cracks
Shear cracks [17] were found to evolve in matrix rich regions of
the composite, i.e. in the regions between the fibre yarns. Fig. 7
shows examples of matrix shear cracks in a 2D slice in the x,z-
plane, 270 lm from the middle of the specimen. As indicated in
the figure, initiation of matrix shear cracks is seen at positions A
and B at 90 MPa stress, and at position C at 100 MPa stress. All ob-
served matrix shear cracks grow with increasing load. Moreover, it
was found that in regions with no fibres nearby, the shear cracks
evolved along an almost straight line, as seen at position C. By
investigating the region around the shear crack in all directions,
it was confirmed that no fibres were in close proximity to the shear
crack at position C. In cases where the shear cracks evolve in ma-
trix regions with nearby fibres, the cracks are found to deviate from
the straight line, and instead propagate along the nearby fibre/ma-
trix interface, as seen at positions A and B in Fig. 7. A close-up of
the position B matrix shear cracks at 6x magnification is shown
in Fig. 8. In general, it was found that matrix shear cracks initiate
at the 90 MPa stress level, and then grow at each following load
step.
3.2.3. Fibre failures
Careful inspections of the obtained 3D volumes revealed a num-
ber of observations of individual fibres that failed at the highest
Fig. 5. Interface splitting cracks. The slice is positioned in the x,y-plane and represents different stress levels. Splitting cracks grow with increased applied stress. It is
indicated that the fibre bundles consisting of 3–20 unseparated fibres are typical sites for initiation of interface splitting cracks.
Fig. 6. Close up of interface splitting cracks that initiates at fibre bundles. It can be
noted that no splitting cracks are seen at individual fibres.
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stress level (110 MPa). Based on a 2D slice in the x,z-plane, 14 lm
from the middle of the specimen, Fig. 9 shows several examples of
such fibre failures at 110 MPa. The figure shows also the same 2D
slice at 60 MPa, and this demonstrates that the fibres in most cases
fail exactly where initial structural irregularities can be seen in the
fibres. These structural irregularities are classified as defects.
An example of a fibre failure at a barrel-shaped defect is seen in
Fig. 10. The x-coordinate of the y,z-slices in Fig. 10a and b has been
chosen such that the surface of the fibre is visualized. Thereby, the
external shape of the defect is visible. The slices shown in Fig. 10c
and d are positioned 4.1 lm behind the slices in Fig. 10a and b. This
means that these slices go through the centre of the fibre, showing
the lumen and the internal shape of the same defect. It is seen that
the fibre fails exactly at the defect.
Fig. 11 shows failure of a fibre bundle resulting in a fibre failure
region which is about 60 lm wide. Again, defects can be seen on
the fibres prior to fibre failure as exemplified in the 35 MPa stress
level image.
All fibre failures in Figs. 9–11 occur as the specimen is loaded to
a nominal stress of 110 MPa, which is the final load step before
ultimate failure.
3.2.4. Overview of damage mechanisms
Fig. 12 shows a schematic load–displacement curve along with
sketches of the three observed damage mechanisms. The figure
summarizes the findings of the typical locations and stress levels
for the three damage mechanisms: (i) interface splitting cracks
originate near the surface of the notch region at a low stress level
of 60 MPa (50% of failure stress), (ii) matrix shear cracks originate
at a medium stress level of 90 MPa (75% of failure stress), and (iii)
fibre failures originate at locations of fibre defects at a high stress
level of 110 MPa (90% of failure stress).
4. Discussion
4.1. Evaluation of the XTM testing approach
The five specimens tested during XTM observation failed at
109 ± 8 MPa. The two specimens tested in the laboratory with a
standard tensile test machine operated at a comparable stepwise
loading sequence failed at 111 and 140 MPa, while the two speci-
mens tested in the laboratory in the monotonic tensile setup failed
at 161 and 169 MPa. Small differences in geometry and fibre vol-
ume fractions between specimens are expected to give rise to a rel-
atively large spread in the strength results. But the found strength
reduction when testing in the stepwise fashion vs. the monotonic
fashion (110–140 vs.160–170 MPa) requires an explanation. It is
assumed to be due to time-dependent deformations of the materi-
als. In the monotonic test, a tensile test to failure took about 1 min,
while the stepwise loading procedure took more than 90 min in
the laboratory, and more than 4 h in the XTM facility, as a single
scan took roughly 30 min. Even though the specimen was un-
loaded by 25% at each load step in order to avoid crack growth dur-
ing scanning, load drops of 1–4% were observed during each hold,
Fig. 7. Matrix shear cracks. The evolution of the shear cracks is shown at different stress levels. It is seen that matrix shear cracking initiates at 90 MPa.
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which indicates that some relaxation occurred during holding. It is
therefore assumed that the stepwise loading sequence gives rise to
time-dependent deformations, which lowers the composite
strength.
It was assumed that the X-ray beam did not alter or harm the
specimen in any way. However, this was not experimentally vali-
dated. The influence of the beam on the specimen could be tested
by exposing a number of specimens to the synchrotron X-ray beam
in an unloaded state, and then test them in the laboratory. The
measured strength values should be compared with the strength
values of identical specimens that have not been exposed to X-
rays.
Fig. 8. Matrix shear cracks. A close-up (6x magnification) of position B from Fig. 7 showing the detailed evolution of matrix shear cracks at different stress levels.
Fig. 9. Fibre failure. The fibres are observed to fail at positions where fibre defects can be seen initially.
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It was found that XTM is a very strong technique for investigat-
ing 3D structures with high resolution. However, to achieve the
desired resolution, the field of view was restricted to 1.48 
1.48  1.48 mm3. An inherent feature for natural fibre composites
is variations in fibre thickness, yarn thickness, twisting angles etc.
[13]. In spite of this variability, the five samples investigated, dis-
played the same failure mechanisms and therefore the results are
assumed to be representative. And even though the field of view
is small, the 3D nature of the XTM technique is a clear advantage
compared to the 2D nature of the traditional cross-sectional
microscopy technique.
4.2. Interface splitting cracks
As exemplified in Fig. 6, a large amount of interface splitting
cracks appeared at fibre bundles, especially near the edges of the
specimen. This demonstrates that the interfaces between these rel-
atively large fibre bundles and the matrix are particularly suscep-
tible to cracks. Thus, it seems that the fibre bundles act as stress
concentrators at the microscale.
Generally, an interface splitting crack at the atomic level in-
volves breaking the (chemical, electrostatic and/or mechanical)
bonds constituting the interface, and this requires energy. Thus,
the development of an interface splitting crack consumes a certain
amount of energy per unit area of new fibre/matrix-interface sur-
face area generated by the crack. This amount of energy is a mate-
rial property called the critical energy release rate or the fracture
energy Gc. However, when a splitting crack is propagating, an
amount of potential energy per unit area of new fibre/matrix-inter-
face surface area is released, denoted the energy release rate G. Un-
der displacement-controlled tensile loading, this energy comes
from release of elastic energy stored in the specimen during load-
ing, some of which is released during splitting, as the specimen
complies with the external load. Splitting cracks can propagate




Fig. 10. Fibre failure at a barrel-shaped defect. Four slices in the y,z-plane. The images (a) and (b) show the unloaded and loaded states of a fibre with a barrel-shaped defect in
a slice that is positioned such that it intersects the surface of the fibre. The images (c) and (d) show the same defect, but the slice is positioned 4.1 lm further into the
specimen in the x-direction, such that it intersects the middle of the fibre.
Fig. 11. Fibre failures at a fibre bundle. The fibres all fail simultaneously in the same x,y-plane.
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G  Gc: ð1Þ
The fracture energy Gc is a material (interface) property,
whereas the energy release rate G depends on load level and geom-
etry. In the case of interface splitting cracks, the energy release rate
G depends linearly on the fibre radius [18],
G ¼ 1=4  e2f  Ef  r; ð2Þ
where ef and Ef are the strain and Young’s modulus of the fibre,
respectively, and r is the radius of the fibre, which is simplified to
have a circular cross-section. Eq. (2) is derived from an analysis of
fibre pullout, but it is believed that it can be applied in the present
case as well. A similar functional relationship is found for an anal-
ysis of a splitting crack from a central flaw [19]. As the energy re-
lease rate G is proportional to the fibre radius r, Eq. (2) implies
that a fibre bundle, idealized as a very large circular fibre, needs a
lower strain for Eq. (1) to be fulfilled. Thus, interface splitting is
more likely to develop at the thick fibre bundles than at the thin
individual fibres.
The XTM observations (Figs. 5 and 6) and the above model-
based argumentation underline the importance of achieving a high
degree of separation of the originally large flax fibre bundles into
individual fibres, in order to limit the development of interface
splitting cracks.
In general, interface failures are a concern for all composite
materials. It is, however, a special concern for natural fibre com-
posites, as natural fibres have a complex hydrophilic surface chem-
istry, which complicates fibre/matrix bonding in the case of
thermoplastic matrix polymers, since these are often hydrophobic.
Attempts are being made to make the fibres less hydrophilic, by
using various chemical treatments [20].
A point to investigate in future studies is the influence of fibre
twisting on the damage mechanisms. In the present study, it was
found that the composites were susceptible to interface debonding.
Therefore, one might speculate that especially the splitting cracks
might be affected by alterations in the microstructure of the mate-
rial, e.g. due to fibre twisting.
4.3. Matrix shear cracks
It was found that the path of matrix shear cracks are highly
influenced by the presence of fibre/matrix interfaces. The observa-
tion that the shear cracks are following these interfaces underlines
the tendency of the interfaces to undergo debonding. It also shows
how the composite microstructure influences the evolution of the
microscale damage.
The matrix shear cracks are not observed to cause fibre breaks.
Instead they grow along the fibre/matrix interfaces, as shown in
Fig. 7. When a matrix shear crack grows towards a fibre yarn, the
crack is assumed to deviate from its original trajectory and instead
grow along the yarn in the z-direction, as an interface splitting
crack. Therefore, matrix shear cracks are not believed to be critical
with respect to ultimate failure. In order to investigate this
assumption in future studies, it would be advantageous to scan
the two pieces of a broken specimen by XTM. In this way, it would
be possible to establish whether the ultimate failure crack grows
via the matrix shear cracks.
4.4. Fibre failures
The majority of the fibre failures were found to occur at loca-
tions where the fibres had visible structural irregularities. Such
irregularities are believed to be defects in the cell wall of the fibres,
such as kink bands or barrel-shaped nodes. The same behaviour
has previously been observed in single fibre tests [21].
Fig. 13a shows a scanning electron micrograph of a kink band
on the flax fibres. Fig. 9 demonstrates how such kink bands result
in fibre failure at the final load step. The kink bands are defects, be-
lieved to result from handling and processing of the fibres resulting
in a disordered arrangement of the cellulose microfibrils in the cell
wall [7].
Fig. 13b shows a scanning electron micrograph of a node on a
flax fibre with a barrel-shaped bulging appearance. Fig. 10 shows
an example of a fibre which has failed at such a barrel-shaped
node. Fig. 10c shows that the node is also bulging on the inside
of the fibre lumen. Due to the symmetric appearance of this kind
of feature, the barrel-shaped nodes are speculated to be developed
naturally in the fibres during their growth. Within the observed
composite specimens, several fibres are observed to fail at such
barrel-shaped nodes. Even though they might be naturally occur-
ring, they must be regarded as defects nonetheless, when the fibres
are used for composite reinforcement.
Fig. 11 shows an example of a fibre bundle with a large-scale
defect across the bundle, similar to what is seen on the micrograph
in Fig. 14. It appears that all fibres in the bundle fail simulta-
neously, implying that the bundle effectively behaves as a single
large fibre. When such a fibre bundle fails, the load carried by
the fibre bundle will be distributed to the surrounding region of
Fig. 12. Schematic presentation of the characteristic damage mechanisms in natural fibre composites. In the present study, interface splitting cracks are found to initiate from
the notches at 60 MPa. Matrix shear cracks initiate at 90 MPa. Fibre failures occur at 110 MPa, and are primarily seen at fibre defects. The given nominal stress values depend
strongly on specimen geometry and fibre configuration, in addition to the properties of fibres, matrix, and interface. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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the composite material. Thus, a fibre bundle failure gives rise to a
large stress concentration at the microscale. It can therefore be
concluded that failure of fibre bundles are more critical than failure
of individual fibres where a number of smaller stress concentra-
tions occur. This conclusion is in agreement with the findings from
studies of fibre–fibre interactions and local load sharing, where it is
found that the stress concentration resulting from a fibre break is
largest near the fibre [22–24], and that the magnitude of the stress
concentration factor increases with the number of broken fibres in
a cluster [22–24].
4.5. Fibre separation
The findings in the present study suggest that an improved sep-
aration of fibre bundles into individual fibres will have a positive
influence on the composite damage behaviour. The separation of fi-
bre bundles can be achieved by degrading the pectin molecules
cementing the individual fibres together in the raw flax fibres. Var-
ious approaches can be used to degrade the pectin molecules. An
enzymatic treatment with pectinase can be used to break bonds
in the cementing pectin molecules of the middle lamella between
individual fibres [4]. A chemical treatment with ethylenediamine-
tetraacetic acid (EDTA) can be used to remove Ca2+-ions which sta-
bilize the pectin molecules. Both treatments have the desired effect
of separating the fibres. However, in general, all treatments de-
signed to separate fibre bundles into individual fibres are found
to have a negative influence on the single fibre strength properties
[4]. Specifically, it is known that various chemical treatments cause
fibre strength reductions due to an increase in size and numbers of
fibre defects [8]. Furthermore, it has been found that the density of
fibre defects increases with the number of fibre processing steps
[25].
Altogether, based on the findings in the present study and in
previous studies, it is suggested that a balance should be found be-
tween the following two scenarios:
1. A low degree of separation treatment gives a high number of fibre
bundles in the composite. Thus, a higher number of splitting
cracks is likely to occur at these large-radius bundles. As a result
of the mild treatment, the density and severity of kink bands
will be lower. However, the fibre bundles are susceptible to
large-scale defects across the bundle (see example in Fig. 14),
possibly arising from the bundle being excessively bent during
processing of the fibres. This means that while the overall den-
sity of kink bands leading to failure of individual fibres will be
lower, there will be a high amount of failures of large fibre bun-
dle. When all the fibres of a fibre bundle fail simultaneously, as
seen in Fig. 11, a large stress concentration develops at the
microscale. This could possibly cause failure of neighbouring
fibres eventually leading to ultimate failure.
2. A high degree of separation treatment gives a low number of fibre
bundles in the composite, but also a high number of fibre
defects. The high degree of separation into small-radius fibres
will restrict the development of splitting cracks, while the lar-
ger number of fibre defects will lead to a larger number of fibre
failures. However, due to the good separation, the locations of
these fibre failures will be homogenously distribution in the
composite in all three directions, meaning that they do not give
rise to large stress concentrations. Thereby the composite will
be able to sustain a higher number of fibre failures before ulti-
mate failure occurs.
It has been found that EDTA treatment is superior to enzymatic
treatment, as it gives higher strength properties of natural fibre
composites [4]. The stiffness of the composites was found to be lar-
gely independent of the type of fibre treatment. The composite
strength, however, shows a relatively large dependency on fibre
treatment, with the well separated EDTA-treated fibres giving
composites with 50% higher strength in comparison with the un-
treated fibres. These findings support the suggestion in the present
study that improved separation of fibre bundles is a key parameter
to obtain stronger composites.
4.6. Damage mechanisms leading to ultimate failure
While matrix shear cracks are not believed to be critical for
composite failure, it is not trivial whether interface splitting cracks
or fibre failures is the most critical mechanism of damage. Whereas
a large amount of splitting was observed to occur during a number
a b
Fig. 13. SEM images of defects in flax yarn fibres: (a) kink bands, and (b) barrel-shaped nodes.
Fig. 14. SEM image of a large defect across a flax fibre bundle.
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of load steps before failure, fibre failures were only observed to oc-
cur in the last load step, which indicates that fibre failure could be
the critical mechanism. On the other hand, it is evident that fibre
failures must take place before specimen failure. But this does
not prove that fibre failure is the critical damage mechanism. How-
ever, the vast majority of the applied load supported in a compos-
ite specimen is carried by the reinforcing fibres. Thus, assuming a
local load sharing mechanism [23], the failure of individual fibres
means that the surrounding fibres have to carry more load, making
them more vulnerable to breaking themselves. Thus, it seems rea-
sonable to conclude that fibre failures is the most critical damage
mechanism, and that attempts should be made to avoid especially
the large fibre bundle failures.
As mentioned, the specimens were notched to ensure damage
initialization in the volume visualized with the XTM technique.
The matrix shear cracks are believed to be a direct consequence
of the chosen specimen geometry. The splitting cracks are mainly
seen to emanate from the notches and specimen surfaces. Thus,
they are also strongly related to the chosen specimen geometry.
Therefore the damage mechanisms in a larger straight edge speci-
men are likely to differ from the results of the present work.
5. Summary and conclusions
In the present study, unidirectional flax fibre composite speci-
mens were tested by uniaxial loading in the fibre yarn direction.
During testing, in situ X-ray tomographic microscopy (XTM) obser-
vations were made using synchrotron radiation. A notched sample
geometry were used in order to ensure damage initialization in the
volume visualized with the XTM technique. Three distinct damage
mechanisms were observed: (i) interface splitting cracks typically
seen at the interfaces of bundles of unseparated fibres, (ii) matrix
shear cracks, and (iii) fibre failures typically seen at fibre defects.
The three damage mechanisms initiated at about 50, 75 and 90%
of the failure stress respectively. The matrix shear cracks are be-
lieved to have a minor influence on the actual specimen failure.
Interface splitting cracks is visually the most dominating defect
mechanism. It is, however, argued that the observed fibre failures
was actually the most critical damage mechanism, as the fibres
carry the vast majority of the load. A characteristic feature of the
investigated flax fibre composite is the presence of unseparated fi-
bres bundles. These fibre bundles were found to play a significant
role for the evolution of damage: It was found that fibre failures
can happen simultaneously for all fibres in a fibre bundle, implying
that the bundles effectively behave as very thick fibres. Large pro-
cessing defects across the entire bundle are believed to account for
this behaviour. When a bundle fails, a large amount of stress is
transferred to the neighbouring matrix and fibres, making them
likely to fail as well. It is therefore concluded that fibre bundles
should be avoided, even if it involves using slightly harsher fibre
separation treatments. When the fibres are completely separated,
the fibre defects are distributed more homogenously in all three
material directions. This is believed to result in stronger natural fi-
bre composites. This hypothesis is in agreement with previous
experimental studies. Based on the current study it is clear that
the ideal natural fibre reinforcement is individual fibres which
are evenly distributed in the composite. Therefore, also the tradi-
tional approach of locking the natural fibres in fibre yarns should
be reconsidered.
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Appendix B
Effect of fibre twist in
unidirectional natural fibre
composites
A model is proposed for predicting the stiffness of composites based on yarn with
three different kinds of misalignments. An experimental study is performed, and
good agreement is obtained.
To be submitted to Composites Science and Technology.
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Effect of fibre twist in unidirectional natural fibre composites
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Abstract
Natural fibres have the potential to compete with glass fibres as composite reinforcements for load-bearing
applications. However, for this potential to be fulfiled, natural fibre composites have to be optimized. This
paper present a study on the relation between fibre misalignment and composite stiffness. A model is
proposed for predicting the stiffness of composites based on fibre yarns with three kinds of misalignment;
1) fibre twisting, 2) yarn helicity and 3) off-asix loading. An experimental program is performed, where
yarns with different misalignment combinations are used to fabricate composite panels. The experimental
determined stiffness of these panels are compared with the values predicted using the model, and good
agreement is obtained.
Keywords: Natural fibres, twisting angle, composite stiffness
1. Introduction
The perspective of using natural fibres (such as flax, hemp or jute) as reinforcements in polymer matrices
is to have an alternative to traditional glass fibre based composites with an eco-friendly profile [1]. Natural
fibres have a specific stiffness equaling or higher than the specific stiffness of glass fibres. Therefore, natural
fibres have the potential to pose a viable alternative to glass fibres for composite reinforcement. Consecuently,
optimization of natural fibres for composite applications is a field of great interest. Presently, natural fibres
have two major challenges. 1) Suboptimal alignment of fibres and 2) poor fibre/matrix adhesion. This paper
deals with the first challenge.
Natural fibres used for reinforcement in polymer composites are generally relatively short. For instance,
individual hemp and flax fibres are no longer than 5-8 cm of length. Thus, to be able to position and process
the fibres, they are traditionally spun into yarns by the technique of ring-spinning where a bundle of parallel
fibres are twisted into a helical configuration. Thereby, the friction between the individual fibres governs
the integrity of the yarn. This is advantageous in the textile industry, where strong yarns are necessary
for knitting, weaving etc. However, the spinning introduces an off-axis misalignment between the principal
axis of the yarn and the constituting fibres, which is unfortunate for composite applications. It is known
that for unidirectional glass fibre reinforced polymer composites, only a few degrees of misalignment result
in a marked decrease in mechanical elastic properties [2]. This indicates that optimization of the fibre
architecture is an important parameter for natural fibre composites.
To quantify the influence of twisting, a model describing the stiffness of a composite based on twisted
fibre yarns is developed. Also misalignments on the yarn level, e.g. yarn helicity (such as a double yarn) and
off axis loading are included in the model. This means that the model can be used to predict the stiffness
of a number of material system.
An experimental program is conducted to validate the model. Bobbins of zero-twist wrap-spun yarn are
subjected to a range of twist levels, and a unidirectional composite panel is manufactured from each bobbin.
∗Corresponding author
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Specimens are cut out, and the stiffness is determined by tensile loading. It was observed that the yarns had
both fibre twist and yarn helix misalignments. These misalignment angles were determined for all bobbins
and used as input in the model.
2. Theory
The objective is to develop a model describing the stiffness of an unidirectional composite based on a
yarn with a certain fibre architecture. In the following sections, we describe the geometry of a fibre yarn,
especially in relation to the fibre angle distribution. We utilize that fibre twist means that the fibres are
twisted in a helical shape around the local yarn axis and yarn helicity means that the yarn is twisted around
the global yarn helix axis. E.g. we are effectively modelling a assembly of fibres with a two-level helical
configuration. We assume that in a twisted fibre yarn, the trajectories of each individual fibre can be
described by concentric helices.
In the following sections the geometry of a generic helix is described (Sec. 2.1). Then fibre twisting
(Sec. 2.2) and yarn helicity (Sec. 2.3) is described in the same mathematical framework. The two types
of misalignment are combined to find the effective fibre distribution (Sec. 2.4), and finally the resulting
composite stiffness is found using laminate theory (Sec. 2.5).
2.1. Helix geometry
Figure 1: Concentric helices. The cylinder is cut open along the left edge.
Fig. 1a shows a cylinder with two concentric helices. As indicated the cylinder is cut open along the left
edge. In Fig. 1b, the cylinder has been unfolded, and it is seen the the two helices are now straight lines.
This illustrates that a helix has the property that a tangent line at any point makes a constant angle the
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helix axis. Thus, a purely mathematical expression for the angle between the tangential helix axis and the





where r is the radius of the helix and ℓ is the period, i.e. the length of one complete helix revolution. This
geometrical expression is used to describe the geomtry of a twisted fibre yarn in the following.
2.2. Fibre yarn twisting
We treat the fibres as two-dimensional helices, ignoring that the fibres are in fact tubes with diameters
of 10− 20µm and complicated surface geometries. As such the fibre yarn is treated as a continuum.
We treat fibre yarn twisting, where a yarn is spun from loose fibres, as shown in Fig. 2. When an assembly
Figure 2: Illustration of a twisted yarn.
of parallel fibres is twisted to form a twisted fibre yarn, the fibres can be assumed to form concentric helices
around the centre line of the yarn [4]. In this idealized approach, we assume that fibre migration has no
effect [4]. Thus, Eq. 1 can be used to describe the angle between the individual fibres and the yarn axis





where ℓt is the length of a single twist (one complete helix revolution) and the radius rt ∈ [0, R] is the
distance from the yarn axis to the fibre in question. Thus, the local twisting angle of each individual fibre
depends on the distance to the center of the fibre yarn with radius R. The fibres in the centre of the yarn
are not twisted (θtwist(r)→ 0 for rt → 0) while the fibres at the surface of the yarn experience a high degree
of twisting (θtwist(r)→ θ
max
twist for rt → R).
Eq. 2 is used to derive a function to determine the relation between an experimentally determined fibre
twisting angle at the yarn surface and the distribution of angles as a function of r, by setting r = R













With Eq. 4 it is possible to determine the complete fibre misalignment angle distribution from a simple
determination of the twisting angle of the fibres at the surface θsurfacetwist . Thereby the fibre misalignment
related to fibre yarn twisting have been accounted for.
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2.3. Fibre yarn helix
The next level of complexity is a situation, where the actual yarn is not straight, but wound around an
object. A double yarn, as shown in Fig. 3, is an example of such a system. In the case of a double yarn,
each yarn is twisted around the central axis of the double yarn in a helical shape. Thus the shape of each
yarn is correctly described by a helix. The yellow yarn in Fig. 3 only serves to force the red yarn into the
desired helical shape. Therefore, in the following, the yellow yarn is ignored and the geometry of the red
yarn is examined. Off course, the result of this section is valid for both yarns.
The objective of this section is to determine the yarn helix angle θhelix, i.e. the angle between the yarn
axis and the helix axis, as defined in Fig. 3. Again we use Eq. 1:
Figure 3: Figure showing the helix angle and twist angle. In the idealised drawing, θhelix = 17









where rh is the radius of the helix and ℓh is the period, i.e. the length of one complete yarn helix revolution,
as indicated in Fig. 3. While θtwist = θtwist(r), the angle θhelix is a constant number valid for the entire
yarn. A straight yarn with no helicity can be accounted for by letting rh → 0, which implies that θhelix → 0.
2.4. Combined angle distributions
Having accounted for the misalignments coming from both fibre yarn twisting (Eq. 4) and fibre yarn
helicity (Eq. 5), we now find the combined fibre angle distibution of the red model yarn in Fig. 3. The first
step is to divide the cross-section of the yarn into four sectors, such that all fibres in each sector has fibre
angles only depending on the radius r:
θb = θ(r) (6)
where b = 1, 2, 3, 4 is a sector index. This is illustrated in the idealized drawing in Fig. 5. Ideally, the yarn
cross section should be split into infinitely many sectors, which in effect would be the same as integrating.
However, then a complicated function for θ depending on polar coordinates, would be needed. Therefore, we
assume that dividing the cross-section into four sectors is a good approximation Then the angle functions
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Figure 4: Sketch of a idealized cross section of the yarn divided in 4 sectors. The fibres in the yarn comes out of the paper
in the clockwise direction, and the helix is modeled as turning the yarn θhelix to the right. Note that θtwist depends on the
radius r.
θb = θ(r) are found for each of the four sectors:
θ1(r) = θtwist(r) + θhelix where r > 0 (7)
θ2(r) =
√
θtwist(r)2 + θ2helix where r > 0 (8)
θ3(r) = θtwist(r) + θhelix where r < 0 (9)
θ4(r) =
√
θtwist(r)2 + θ2helix where r < 0 (10)
The above relation are constructed to be the correct inputs when the stiffness is calculated with laminate
plate theory later. In all cases θtwist is a function of r and θhelix is a constant.
To illustrate the workings of the angle functions, we examine a situation where θtwist = 30
◦ and θhelix =
10◦. The yarn helix causes the yarn to be tilted in the y+ direction at an angle of 10◦ relative to the x-axis.
This is indicated in Figs. 4 and 5. In the upper quadrant, called sector 1, the surface fibres are tilted 30◦ in
the y+-direction due to twisting and a further 10◦ in the y+-direction from the yarn helix. Thus these fibres
are tilted at a total angle of 40◦ in the y+-direction. The centre-most fibre is not twisted, and thus has a
total misalignment of 10◦ from the yarn helix in the y+-direction. The surface fibres in the lower quadrant,
called sector 3, are tilted 30◦ in the y÷-direction due to twisting and a further 10◦ in the y+-direction from
the yarn helix. Thus these fibres are tilted at a total angle of 20◦ in the y÷-direction. These numbers can
be seen from the misalignment angle profile along the dotted line A, which is shown in Fig. 6.
We now consider the sectors 2 and 4. In the right quadrant, called sector 2, the surface fibres are tilted
30◦ in the z÷-direction due to twisting and a further 10◦ in the y+-direction from the yarn helix. Then the











. The length of this vector is√
(10◦)2 + (−30◦)2 = 31.6◦. Later we will use a two-dimensional laminate theory, which doesn’t account for
the z-direction. Therefore we "rotate" the misalignment vector into the x, y-plane. Thereby we approximate
the fibre misalignment to be 31.6◦ in the y+-direction.










. Again we rotate this vector into the x, y-plane, whereby we approximate the fibre misalignment
to be 31.6◦ in the y+-direction. These approximations are necesarry, since we wish to model a relatively
complicated three dimensional structure with a two dimensional laminate theory model. The implications
of the approximations are discussed in Section 5. The misalignment angle profile plot along the dotted line
B is shown in Fig. 6. Again the centre fibre has a misalignment of 10◦ in the y+-direction, while the surface
fibres at r = ±1 have misalignment angles of 31.6◦ in the y+-direction. It is expected that the centre fibre
5
Figure 5: Sketces of the misalignment vector for the four sectors.
6
Figure 6: misalignment angle profile along the dotted lines A and B defined in the schematizised yarn cross-section in Fig. 4.
r = 0 corresponds to the centre of the yarn, while r = [0, 1] and r = [−1, 0] corresponds to sector 1 and 3 for line A and sector
2 and 4 for line B.
along both lines A and B has the same misalignment angle, since it is in effect the same fibre.
2.5. Stiffness of yarn-based composites
Having acounted for the distributions of angles in a yarn with both fibre yarn twisting and fibre yarn
helicity, the stiffness of a composite made with the mentioned yarns is now determined.
When a number of yarns are placed as neighbours in the unidirectional composite, another approximation
is applicable: Even though the composite contains fibres with a complicated three-dimensional orientation
distribution, we argue that for each fibre with a local misalignment angle θlocal, a complimentary fibre with
a local misalignment angle −θlocal exists. Hence, we argue that modeling the composite as a ± off-axis
laminate is a good approximation. To illustrate this idea, the misalignment angle profiles for a situation
with θtwist = 30
◦ and θtwist = −10
◦, i.e. the opposite of the situation illustrated in Section 2.4, are shown
in Fig. 7. It is seen that the profile plots for line B are identical in Figs. 6 and 7. This comes from the
approximation to ignore any ±-stiffening effect in sectors 2 and 4, as the misalignment vectors in these
sectors are simply rotated into the y+-direction.
Using the available laminate theory models [5] it is possible to determine the stiffness of each of the 4
sectors as a function of radius Eb(r), in the situation where neighbouring sectors have the opposite angle
distributions. In this situation the angle functions can be modelled by
θ1(r) = θtwist(r) + θhelix + θoff (11)
θ2(r) =
√
θtwist(r)2 + θ2helix + θoff (12)
θ3(r) = −(θtwist(r) + θhelix) + θoff (13)
θ4(r) =
√
θtwist(r)2 + θ2helix + θoff (14)
where a minus sign has been added to sector 3, to reflect the idea that in the composite, the fibre are found
in both ±θlocal-orientations. No minus sign is added to sector 4, since we approximate these fibres to all
be oriented in the y+-direction. To make the theory span the widest possible amount of situations, a yarn
off-axis angle θoff has been added as well. This is used to model the situation where the unidirectional yarn
composite is tested at an angle of θoff relative to the yarn direction.
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Figure 7: misalignment angle profile along the lines A and B for θtwist = 30
◦ and θtwist = −10
◦.
We now develop the laminate plate theory [5]. First, the stiffness matrix elements are needed. These
take material parameters as input.
Q11 = Ec1/∆ (15)
Q12 = Q21 = ν12Ec2/∆ (16)
Q16 = 0 (17)
Q22 = Ec2/∆ (18)
Q26 = 0 (19)
Q66 = G12 (20)
∆ = 1− ν12ν21 (21)
In a previous study Madsen et al present micromechanical models for a range of material parameters,
including the parameters necessary for this study [6]. The composite stiffness for a fully unidirectional
composite is found using the rule of mixtures
Ec1 = Vf · Ef1 + (1− Vf ) · Em
where Vf is the fibre volume fraction and Ef1 and Em denotes the Youngs modulus of the fibre and matrix
phases respectively. Then the composite stiffness in the 90◦-direction is defined as
Ec2 =









where ξ = 2 for circular fibres (approximation). The composite shear modulus G12 is defined as
G12 =












where vm is the Poisson ratio of the matrix.
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These matrix elements are used to define the transformed stiffness matrix, with elements given by
Q¯b11 = Q11 cos









Q¯b16 = (Q11 −Q12 − 2Q66) sin(θb) cos
3(θb) + (Q12 −Q22 + 2Q66) sin
3(θb) cos(θb) (24)
Q¯b22 = Q11 sin




Q¯b26 = (Q11 −Q12 − 2Q66) sin
3(θb) cos(θb) + (Q12 −Q22 + 2Q66) sin(θb) cos
3(θb) (26)





The matrix is symmetric such that Q¯ij = Q¯ji. We then combine there transformed stiffness matrix elements
to get elements from the matrices Aij , Bij and Dij which couple bending and entension stiffness. This is






































A matrix αb is calculated from the marices Aij , Bij and Dij for all four sectors:
αb = A−1 − (−A−1 ·B) · (D − (B ·A−1) ·B)−1 · (B ·A−1)



















Eb(r) · r · dr for b = 3, 4 (38)







Having established the model, it is possible to determine the composite stiffness from the surface fibre
twist angle θtwist, the yarn helix radius rh and length ℓh and some material parameters.
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3. Experimental study
Natural fibre yarns specifically designed for composite usage has recently been made commercially avail-
able. In these so-called zero-twist wrap-spun yarns, the fibres are kept together by a thin polymer filament
that is wrapped around the assembly of non-twisted fibres. Thus the integrity of the yarn does not rely
of friction between fibres (as is the case for traditional ring-spun yarns), and the fibres can be positioned
parallel to the principal axis of the yarn.
Such zero-twist yarns was chosen as the model material in this study. Inspecting the yarns visually, it
is clear to see that the wrap filament is actually so tight, that it forces the parallel fibres into a helical
shape, see e.g. Fig. 9. Thus by introducing twist to the zero-twist yarn in a direction opposite to the
wrap yarn, this helical shape would be less pronounced, however, the fibres would be twisted. A number of
composite panels is made from the yarns with a combination of fibre twisting misalignment and yarn helix
misalignment, and the model is used to predict the stiffness of the composite systems.
3.1. Materials
3.1.1. Fibre reinforcements
Zero-twist wrap spun yarn of flax fibres wrapped with a polyethylene terephthalate (PET) filament was
used. The linear density of the yarn was 235 tex (g/km). A yarn twisting machine (Agteks DirecTwist)
was used to introduce a variety of twisting angles into the yarn. Six types of yarn were made with twisting
angles ranging from 5◦ to 25◦. The twisting machine operates in twists pr. meter, and values between 25
and 190 turns/meter were used.
3.1.2. Matrix
A special grade of PET, called LPET (supplied by Comfil, Denmark) was used as matrix in the compos-
ites. LPET differs from standard PET in that it has a relatively low melting temperature of 180◦C compared
with > 250◦C for standard PET. Flax fibres are known to degrade when being exposed to temperatures
above 200◦C [7], implying that standard PET can not be used as natural matrix composite matrix material.
The LPET matrix material was in the form of continuous filaments with a linear density of 56 tex.
3.2. Processing of composites
3.2.1. Filament winding
Composite materials were manufactured using the filament winding method [3], where flax fibre yarns
and LPET matrix filaments were wound on a steel frame. The ratio of fibre yarns to matrix filaments in the
fibre/matrix assembly was such that a fibre volume fraction of 0.35 was achieved in the resulting composite
panels. Some advantages of using this technique are very good fibre yarn alignment, and high versatility in
the attainable fibre volume fractions. After the winding process, the fiber/matrix assembly was dried under
vacuum for 24 h.
3.2.2. Press consolidation
Press consolidation of the composite panels was carried out in a two-step process. To melt the matrix, the
assembly was first heated to 190◦C under vacuum for 10 minutes. This was followed by press consolidation
at a pressure of 20 bar for 1 minute, at a temperature of 30◦C. By this process, six composite panels were
manufactured. One from each of the six twisted yarns. The panels had the dimensions 2 mm x 250 mm x
400 mm (thickness x width x length). From each panel, six tensile test specimens of dimensions 2 mm x 25
mm x 180 mm were cut with the fibre yarns oriented in the tensile directions. Tapered glass fibre tabs, with
a tapering angle of ϕ = 11.3◦ were adhered to the ends of the specimens using a fast curing cyanoacrylate
adhesive, see sketch in Fig. 8. The specimens had gauge sections of ℓg = 100mm. The specimens were
conditioned in a climate chamber for 40 days at 23◦C and 50 % relative humidity before mechanical testing
to ensure moisture equilibrium condition.
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Figure 8: Sketch of specimen
3.3. Materials characterization
3.3.1. Photographs
Photos of 5-6 20cm sections of each yarn were taken with a 12MP digital camera. These photos were
treated in Matlab to give a skeletonised binary version, see example in Fig. 9. From the skeletionized image,
the yarn helix radius rh and length ℓh were found and used as inputs in Eq. 5.
Figure 9: Photos of zero-twist wrap spun yarns. Binarized and skeletonized versions are also shown.
3.3.2. Electron microscopy
To determine the surface fibre twisting angles of the differently twisted flax fibre yarns, scanning electron
microscope (SEM) images of the yarns were made with a table-top SEM (Hitachi TM-1000). Yarn samples
were attached to the standard specimen holder with double-sided adhesive carbon tape. The samples were
not coated, as the SEM was operated in ’charge-reduction mode’ which minimizes charge build-up. The
images were then analyzed in Image-Pro 5.0, where the angles between individual fibres and the local axis
of the yarn were determined. Between 30 and 85 determinations of the fibre twisting angle were made for
each flax yarn.
3.3.3. Optical microscopy
Three samples with dimensions 30 mm x 30 mm were cut from each composite panel. These samples were
polished on a polishing machine (Struers DP-04) on the surface perpendicular to the fibre yarn direction.
These surfaces were then observed in an optical microscope (Leitz Aristomet). Thereby, it was possible to
evaluate the microstructure of the composite materials.
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3.3.4. Porosity content determination
For each composite panel, three samples with dimensions 15 mm x 15 mm were cut. These samples were
used to determine the density of the composite material. The densities were determined by the buoyancy
method (Archimedes principle) using water as the displacement medium. A high precision balance set
(Mettler-Toledo XS204) was used. Based on data for densities of the flax fibres and the LPET matrix, in
addition to data for the flax fibre weight fraction used in the filament winding process, the volume fractions
of fibres and matrix in the composite panels were then calculated. The composite porosity content was
calculated as the volume fraction not taken up by the fibre and matrix components.
3.3.5. Mechanical testing
The test specimens were tested under uniaxial tensile loads in the yarn direction on an standard servo
hydraulic test machine fitted with a ±25 kN load cell (Instron UK 058). Strain was measured with an
extensometer (Instron 1916-1931) mounted in the middle of the gauge section. The extensometer had a
gauge length of 25 mm and a maximum displacement of 2.5 mm. The specimens were tested until failure.
The displacement rate was 2 mm/min, and the readings from the load cell and the extensometers were
recorded with a frequency of 10 Hz. In order to evaluate how the stiffness of the composites depend on the
fibre twisting angle in the flax yarn, the Young’s modulus was found from the recorded stress-strain curves
for all specimens. This was done by fitting a linear function to the stress-strain data in the linear region
from 0.01 % strain to 0.1 % strain.
4. Experimental results
4.1. Misalignment angles
Fig. 10 shows SEM images of the un-twisted yarn, and the six yarns that were subjected to different
degrees of twisting to give fibre twisting angles in the range between 5 and 25◦. It is seen that the fibre
twisting angle is increasing with the number of turns per meter. The method for determining the fibre twist
angle θsurfacetwist is illustrated for the 190t/m yarn. It should be noted that due to the high zoom level, the
yarn helicities are not apparent.
Figure 10: SEM images of the differently twisted flax fibre yarns. Indicated are the levels of twisting in unit of turns per meter
(t/m). Due to the high zoom level, the yarn helicities are not apparent.
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From images like the ones shown in Fig. 9, the yarn helix misalignment angle was determined for Eq. 5.
Results for both types of misalignment angles are shown in Table 1.
4.2. Microstructure of composites
Fig 11 shows an example of a picture from the optical microscopy of the polished composite specimens.
A number of features can be identified. As indicated with the punctuated circle on the picture, the flax
fibres are arranged in semicircular fibre yarns. Within these yarns, a number of fibre bundles of unseparated
fibres are seen. Next to each yarn, the PET wrap filaments are seen. Furthermore, a number of porosities
are seen. These are primarily seen at the edges of fibre bundles. Apart from these porosities, the wetting of
the flax fibres by the LPET matrix is assessed to be very good.
Figure 11: Optical microscope image showing the microstructure of a 190 t/m yarn composite sample.
4.3. Porosity content
The porosities of the composite panels with the differently twisted flax fibre yarns were found to be
between 0.91 and 1.53 %, as shown in Fig. 12. A linear tendency line has been included in the diagram to
point out the slight tendency for the porosity content to increase when the fibre twisting angle is increased.
Figure 12: Plot showing the relation between the yarn twist number and the composite porosity content.
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4.4. Composite tensile properties
The relation between the composite stiffness and the surface fibre twist are shown as the data points in
Fig 13. The Young’s modulus values for the composite panels vary between 15.4 and 16.8 GPa with low
Figure 13: Plot showing the relation between the composite stiffness and the surface fibre twist.
standard deviations (3.2 - 7.3 %).
The numbers for fibre twisting angle and yarn helicity angle were used as input in the model, and the
fibre stiffness Ef was used as a fitting parameter to fit the model curve (red curve) to the experimental data.
As seen from Fig. 13 good agreement was obtained between the model prediction and the experimental
data. The shown plot is with a fibre stiffness Ef = 70 GPa.
The model was also used to predict the stiffness of composites based on twisted yarn samples in the ideal
case where the the yarns are straight, i.e. have no helicity. These predictions are shown as the green curve
in Fig. 13. Comparing the green curve (ideal case without helicity) and the red curve (actual case with
helicity), it is seen that at a fibre twisting angle of 0◦ the yarn helicity reduces the composite stiffness by
approximately 45%. It is seen that the two curves move together as the twisting angle is increased. This
reflects the tendency of the wrap spun yarns to become more straigth, i.e. have less helicity, as they are
twisted in the direction opposite to the wrap filament, as shown in Fig. 9. At high twisting angles of > 25◦,
the yarns are almost completely straigth. This is reflected in the curves, which are seen to overlap at high
twist angles.
The strength results as a function of turns per meter are shown in Fig 14. The linear best fit included
in the figure, shows a tendency for the strength to increase with increasing fibre twisting.
Grip failure can be an issue for unidirectional composites tensile test specimen [8]. In the study however,
the tabs proved to be very efficient, as only 8 of the 24 specimens failed at the grips. And only two of the
tab fail specimens showed strength values substantially lower than the average values. These two results
were discarded.
Table 1 shows all the results obtained in this study. The fibre twisting angle θsurfacetwist was found from
ESEM images of the fibre yarns. The yarn helix ratio was calculated as the ratio between the helix radius
rh and the helix length ℓh, which were found from photosgraps of the yarns. The yarn helix angles θhelix
were then calculated using Eq. 5. Then the predicted stiffness of each composite were calculated using the
model developed in this paper.
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Figure 14: Plot showing the relation between the composite strength and the surface fibre twist.
Twist Fibre twisting Yarn helix ratio Yarn helix Porosity Young’s modulus (GPa) Ultimate
number angle (◦) rh/ℓh (10
−3) angle (◦) content (%) Exprimental Model strength (MPa)
25 4.8± 2.7 54.8±8.9 19.0±2.8 0.94±0.26 15.7±0.5 16.4 161±3.0
51 13.3± 3.7 46.7±8.2 16.3±2.7 0.91±0.18 16.6±1.2 17.0 156±2.6
77 15.1± 3.4 39.4±3.0 13.9±1.0 1.50±0.34 16.4±1.2 17.3 170±3.8
105 20.1± 4.4 34.7±5.5 12.3±1.9 1.24±0.21 16.6±0.7 16.9 179±5.1
140 22.9± 4.6 20.9±2.1 7.5±0.8 1.53±0.23 16.0±0.8 16.7 176±5.7
190 25.2± 4.9 11.2±1.0 4.0±0.4 1.27±0.04 16.8±0.6 16.2 180±3.3
Table 1: Table containing all obtained results. Yarn helix ratio rh/lh is found for all yarn photos, and the averages are inserted
in Eq. 5
5. Discussion
In the derivation of the model, a number of appoximations were made. We found that the misalignment




















, respectively. The two
misalignment vector components in the z-direction are opposite, which ought to give a ±-stiffening effect.
In a full three dimensional laminate theory model this effect would have been included. In this model
however, this ±-stiffening effect is neglected, since the mentioned misalignment vectors are rotated into the
x, y-plane. The mistake from this is highest for a yarn with a large degree of twisting. Thereby the model
slightly underestimates the stiffness of yarn composites with high fibre yarn twisting. Furtermore, the model
correctly accounts for the ±-stiffening effect of the sectors 1 and 3, where it has a larger impact.
The yarn cross-section is divided into only four sectors, which is relatively crude. However, nothing
would be gained by dividing the cross section into further sectors, as the sectors would still have to be
approximated to fit the two dimensional laminate plate theory.
In Fig 11. it is seen that a number of large fibre bundles (sometimes referred to as ’technical fibres’)
are present in the fibre yarns. Such fibre bundles have been seen to cause an increased tendency for the
composite to develop fibre/matrix interface splitting damage [9]. Indeed, the majority of porosities present
in Fig 11 are seen at the interfaces of these fibre bundles. It can be speculated that the porosities are
artifacts from to polishing. However, the fact that they appear at the fibre bundles illustrates that these
fibre bundles are vulnerable to damage.
It was found that for the low levels of twist, the fibres are configured in the yarn in a relatively loose
structure. When the degree of twisting is increased, the fibres become more tightly configured in the yarn.
This tendency is seen in Fig 10 where especially the 190 t/m yarn seems to have a relatively tight fibre
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configuration. It seems reasonable to assume that the tighter the fibre configuration, the harder it is for the
matrix to impregnate all the fibres in the yarn. Thus, a higher porosity content is expected for the composites
with the highly twisted yarns. Investigating Fig. 3, this effect can be seen, although it is relatively weak,
and the standard deviations are relatively large. This effect could be investigated further be making a series
of composite panels with a higher fibre content, where the tendency to develop porosities would be more
pronounced.
In this study it was chosen to determine the misalignment angles of the dry yarns. It can be argued that
the angles will decrease during processing as the yarns are subjected to the high pressure of the compression
moulding setup. Therefore a more correct correct approach would be to determine the angles of the fibres
and yarns in the actual composites, e.g. by means of 3D tomography. However, we argue that this is not
feasable. Performing a tomography scan can take hours and due to the limited field of view, scans would
have to be done at both a resolution high enough to distinguish individual fibres and a resolution low enough
to allow for the field of view to be large enough to capture the yarn helicity. Furthermore, natural fibre yarns
and composites has a very low degree of homogeneity, so many scans would have to be made and treated to
get reliable average values for the misalignment angles. Therefore, we feel that our approach is sufficient,
and the high degree of agreement between the experimental data and the model validates this approach.
6. Case studies from the literature
The model is used to analyse data obtained from two experimental studies from the literature.
6.1. Case study 1. Varying off-axis angle
In a previous study performed by Madsen et al, the stiffness was determined of a number of natural
fibre composites based on twisted fibre yarns [6]. The yarns had a surface twisting angle of 15.9◦ and zero
yarn helicity. Tensile test specimens were then cut out with off-axis angles of 0◦, 10◦, 20◦, 30◦, 45◦, 60◦ and
90◦, between the yarn direction and the tensile direction, and Young’s modulus data was obtained for all
samples. The data obtained from the publication was used as input in the model presented in the present
text, with the fibre stiffness Ef used as fitting parameter. The experimental data and the model predictions
are shown in Fig. 15. Good agreement was obtained with a fibre stiffness Ef = 65 GPa.
Figure 15: Plots of experimental test results (data points) and model predictions (red curve). Data points from Madsen et al
[6].
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In the study by Madsen et al, the experimental data points are compared with theoretical predictions
obtained using an analytical model (represented by Eq. 6 in [6]). The mentioned study obtains good
agreement between experimental data and the model predictions. However, the authors do not account
for the twisting of the fibres. This means that, for example, the 0◦ off-axis samples are modeled as true
unidirectional composites, while they actually consist of yarns with fibres twisted to a surface twisting angle
of 15.9◦. By fitting the analytical model to the data points, Madsen et al back calculates the stiffness of the
flax fibres Ef to be 50.8 GPa, which is clearly lower than the value of Ef = 65 GPa, used to obtain the fit in
Fig. 15. This demonstrates that ignoring the microstructure of the yarns can result in an underestimation
of the fibre stiffness.
6.2. Case study 2. Varying off-axis angle and fibre volume fraction
In a previous study, Pegoraro made tensile tests of a number of composites with constant fibre twisting,
no yarn helicity and a varying off-axis angle between 0 and 90◦ [10]. Composites were made with 4 different
fibre volume fraction between 28% and 48%. The data from this study was used as input in the model
developed here, and the results are shown in Fig. 16. A high degree of agreement is seen between the
Figure 16: Pegoraros results. The model predictions are shown as a red line.
experimental results and the model prediction. The fibre stiffness was used as a fitting parameter, and it
was found that Ef = 68 GPa gives the best result.
7. Conclusions
The present study proposes a novel model for predicting the stiffness of unidirectional composites with
fibre twisting, yarn helicity and/or off-axis loading. An experimental study was conducted where composites
were fabricated using yarns with different combinations of fibre twisting and yarn helicity. The model was
used to predict the stiffness of the fabricated composites. Generally, the model proved to be able to predict
the stiffness of the composites with high accuracy. The same holds for the two included case studies, where
the model was used to predict the stiffness of the composites. Again good agreement was found. It was also
observed that the approaches used in the case studies (ignoring fibre twisting) means that the fibre stiffness
is underestimated by a relatively large amount.
It was found that the tight filament used in the wrap-spun yarns meant that the composites were ≈ 45%
less stiff that what would had been the case with fully parallel fibres. This indicates that in the present
form, zero-twist yarns are far from performing to their true potential. Thus, adjusting the tightness of the
wrap filament in wrap spun yarns is of critical importance.
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Appendix C
Determination of the J
integral for laminated double
cantilever beam specimens:
The curvature approach
A novel approach for determining the fracture toughness is proposed. With this
approach, the fracture toughness can be determined from the applied moments




Determination of the J integral for laminated double cantilever beam
specimens: The curvature approach
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Abstract
A new approach is proposed for measuring the J integral (and thus the fracture resistance) of interface
cracks in multiply laminates. With this approach the J integral is found from beam curvatures and applied
moments. Knowledge of ply layup and stiffness is not required. In order to test the accuracy of the proposed
approach, double cantilever beam specimen loaded with uneven bending moments (DCB-UBM) specimens
were tested and analysed using the curvature approach and a method based on laminate beam theory. Beam
curvatures were determined using a configuration of strain gauges. Good agreement was obtained between
the two approaches.
Keywords: Fibre reinforced materials, Bridging, Delamination, Interface fracture, J integral
1. Introduction
The rotor blades of modern wind turbines are made primarily of composite laminates and sandwich
structures [1]. A type of failure often seen in laminates and sandwich structures is delamination, e.g. cracking
along interfaces between plies, along adhesive/laminate interfaces and along sandwich/core interfaces.
There is an increasing interest in the use of cohesive zone modelling in the simulation of delamination
of components. In cohesive zone modeling, the fundamental constitutive law that describes the mechanics
of the fracture process is a traction-separation law called a cohesive law. Several commercially available
finite element programs have capabilities for simulations using cohesive zone modelling. However, the
determination of cohesive law parameters remains an important experimental challenge.
Most approaches for experimental determination of cohesive laws involve numerical simulations of a test
specimen loaded to failure. The fracture plane is modelled by a cohesive zone and the cohesive law is
determined indirectly by iteratively guessing and comparison of measured and predicted overall response,
e.g. load-displacement relations [2, 3, 4]. A more direct approach - one that does not require modelling of
the test specimen with a cohesive zone - is to derive the cohesive law by differentiation of the J integral
by the end-opening of the fracture process zone [5, 6, 7]. This approach has recently been extended to
determination of mixed-mode cohesive laws [8, 9].
The J integral is particularly useful in the analysis of beam-type specimens that exhibit a large-scale
bridging zone [10, 7]. A remarkable J integral analysis is that of a Double Cantilever Beam (DCB) specimen
loaded with wedge forces [6, 11]. For this specimen configuration, the J integral result for each arm is
simply the product of the instantaneous values of the applied force per unit width and the beam rotation
at the loading point. The prior load-displacement history, the specimen thickness and the elastic (linear
and non-linear) properties of the beams are not required [6, 11]. This analysis is valid also for large-scale
bridging zones. This specimen configuration has been used for the deduction of the cohesive laws of adhesive
joints using the approach involving J and the end-opening, as described above [12, 13].
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The analysis of laminates and multilayers consisting of elastic materials (assuming small-scale yielding)
can also be analysed by evaluating the J integral around the external boundaries. For DCB specimens loaded
with axial forces and/or bending moments, the J integral can be expressed in terms of the instantaneous
values of the applied forces and moments. However, for laminates consisting of many layers (lamina), the
calculations are involving and may best be handled numerically, e.g. using an analysis based on laminate
theory [14, 15, 16]. A drawback of this approach is that the thickness and elastic properties of each layer
must be known; this is particularly challenging for laminates with significant amount of off-axis plies for
which the elastic properties may not be accurately known. An approach based on gluing thick and stiff skins
with known elastic properties to the specimens can be used for reducing the sensitivity of elastic properties
of thin layers [16].
The study of large-scale bridging and large-scale active cohesive zones involves special considerations. In
general, J integral solutions differ from potential energy release rate solutions based on linear-elastic fracture
mechanics analysis of stress intensity factors [10]. Exceptions are beam-type specimens loaded with axial
forces and moments [7]. As such, a DCB specimen loaded with Uneven Bending Moments (DCB-UBM)
was recently proposed for characterization of mixed-mode crack growth in composites exhibiting large-scale
bridging [17]. For specimens consisting of elastic beams, the J integral can be determined in closed analytical
form and the only experimental data required is the instantaneous value of the applied moments (along with
specimen dimensions and elastic properties); no measurement of beam rotation or crack length is required.
For this test configuration, the J integral result is independent of crack length, giving stable crack growth
under any mode I - mode II combination.
1.1. Problem statement
In this paper, we propose an approach for the determination of the J integral for the DCB-UBM test
specimen from the instantaneous values of the applied moments and the beam curvatures. The analysis
remains valid for large-scale bridging problems as long as the beams behave linear-elastically. No knowledge is
required of the thickness and elastic properties of the individual layers. Therefore, the method is particularly
suited for the analysis of large-scale bridging problems of laminates consisting of many layers having different
elastic properties. As such, the present study answers the question raised by Paris and Paris [11] whether
other specimen configurations can be found for which the J calculation are equally direct as the DCB loaded
with wedge forces.
Figure 1: The homogeneous Double Cantilever Beam loaded with Uneven Bending Moments (DCB-UBM) specimen under
different load combinations; a) a nominal mode I load, b) a mixed mode load and c) a nominal mode II load.
As mentioned, the DCB-UBM test configuration is loaded by a combination of bending moments, as
shown in Fig. 1. A nominal mode I loading is shown in Fig. 1a. With moments defined positive downwards
as shown in Fig. 1b, the nominal mode I load state occurs when M1 = −M2. In Fig. 1b, a mixed mode
loading is shown. Then, the moments applied to the beam fulfills M1 6= |M2|. In Fig. 1c, a nominal mode
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II loading is seen (M1 =M2). By varying the relations between M1 and M2 any mode combinations can be
attained.
In this study we develop the curvature model, based on Bernoulli beam theory, and test the proposed
approach using adhesive joint specimens, i.e. laminate beams joined by an adhesive layer. The methodology
is valid also for specimens made of dissimilar beams. The cracking will occur along one of the adhesive/beam
interfaces, meaning that the DCB specimens were not fully symmetric. Therefore, the crack growth is always
mixed mode, and the terms nominal mode I and mixed mode is used in the remainder of this text.
2. Theory
2.1. The curvature model












where Φ is the strain energy density, σij is the stress tensor, ui is the displacement vector, nj is the outwards
unit vector normal to the integration path Γ and S denotes the length of the path Γ. The J integral is
path independent [19], implying that J takes the same value for any integration path that goes around the
fracture process zone from the lower crack face to the upper crack face in the counter clockwise direction,
as indicated with the dotted line in Fig. 2. As the beams are loaded with pure moments, the shear stresses
Figure 2: Generic DCB-UBM specimen with a large-scale bridging zone. The counter-clockwise integration path is shown.
along the boundaries vanish away from the crack tip and bridging zone, i.e. σij → 0 for i 6= j and both σij
and the strain tensor εij are independent of x1 away from the fracture process zone, where the beams are





We now examine the integration path Γ1 illustrated in Fig. 2. With nj = (−1, 0, 0) the second term in












eqs. (2) and (3) are the J integral-contribution along the integration path Γ1. With dS = −dx2 at x1 = −a,









Figure 3: Moment and curvature and defined positive downwards. The strain distribution across the beam, resulting from a
pure moment is indicated.
This expression is valid for plane stress as well as plane strain. Note that in a multi-layer, the stress σ11 is,
unlike the strain ε11, discontinous from layer to layer, and in a laminate based analysis [16] the integration
paths would be subdivided into one path per layer.
In the following, it is convinient to use multiple coordinate systems - a global x1, x2-system with origo at
the crack tip, and a local x, y-system for each beam with origo at the neutral axis of each beam positioned
a distance δ from the bottom of the beam. Both systems are defined in Fig. 3, where a positive bending
moment and curvature is shown. The neutral axis is shown as a dotted line at y = 0 with y = x2 +H − δ.
For a symmetric beam, the neutral axis coincides with the geometrical midplane, δ = H/2.








Under the assumptions of small rotations and displacements, the strain profile along the y-axis for a multi-
layered beam subjected to bending is linear, as indicated in Fig. 3.
ε11(y) = κ
0y (7)





















Similar results can be obtained for the other beam ends. There are no contributions to the J integral from
integration paths Γ2 and Γ4 where dx2 = 0 and σijnj = 0. Thus, the total J integral can be found by



























are the curvatures at the neutral axes of beams 2 and 3 respectively. The third term is
negative in agreement with the direction of the integration path Γ3.
The result Eq. (9) shows that we can determine the J integral by measuring the applied moment and the
curvature of the neutral axis for each beam. Note, that the elastic properties (or layup sequence, anisotropy
etc.) of the beams of the DCB specimen are not required. This implies that for a complex multilayered
DCB specimen, even with unknown materials and unknown layup sequence, the J integral can obtained by
measuring the curvature of the beams, the applied moments and the width of the beams.
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The proposed curvature approach was verified analytically against known results from the literature.
The verification examples were a bi-layer specimen [16], sandwich specimens with center or interface cracks
[9, 20] and five-ply laminate [16]. In all cases, complete analytical agreement was found between the curvature
model and the results from the literature.
2.2. Curvatures from strains
It can fairly easily be shown that the curvature of the neutral axis of a beam κ0 can be found from the
normal strain ε11 at the top and bottom of the beam. This is beneficial since, if we know the strains in the
top and bottom, the curvature can be calculated, without knowledge of the position of the neutral axis. It
follows from Eq. (7) that the strain in the top and bottom of the beam can be obtained as
εt
11
= κ0(H − δ) and εb
11
= −κ0δ. (10)
with H denoting the height of the beam in question, and superscripts t and b denoting respectively the top












ε11(y = H1 − δ)− ε11(y = −δ)
H1
. (12)
In the derivation of Eq. (11) it was assumed that the beams experience pure bending. This means
that no matter which method (strain gauges, optical methods, etc.) is chosen for determining the necessary
strains, it must be done in a region of the beam free of effects from the beam end and the fracture process
zone (crack tip and bridging zone) in correspondence with de Saint-Venant’s principle.
If the beam in question is symmetric such that the neutral axis lies in the midplane of the beam (δ = H/2),





it is only necessary to determine the strain at either the top or bottom surface of each beam. For instance,






where the subscript sym indicates that Eq. (13) is only valid for symmetric beams.
3. Experimental evaluation of the curvature approach
3.1. Overall idea
In order to validate the curvature approach, a test programme was set up in which a number of specimens
were tested, and the data were analysed using both the laminate theory approach of Lundsgaard-Larsen et
al [16] and the curvature approach to extract the J integral values. This enables direct comparison of the
two approaches. The DCB test specimens were made from two glass fibre/polyester composite beams joined
by an adhesive layer. The beams had two different layups giving different stiffnesses. The layups consisted
of two different lamina denoted material A and material B, with material A being less stiff than material
B. However, the material/adhesive interface to be tested was the same in all samples. The samples were
subjected to two different load configurations. The load configurations were chosen to minimize the number
of required strain gauges. The first was a nominal mode I configuration with M1 = −M2 and M3 = 0.
With this configuration, the uncracked end will have zero loading and thus zero curvature. The second was
a mixed mode load configuration with M1 = 0 and M2 =M3. Beam 1 will have zero loading and thus zero
curvature. This means that in both cases, only two of the three beam ends would have non-zero curvature,
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Parameter Variants Comments
Materials A and B Material B is stiffer than material A
Layups 1 and 2 Layup 1 is stiffer than layup 2
Load configurations Nominal mode I M1 = −M , M2 =M and M3 = 0
Mixed mode M1 = 0, M2 =M and M3 =M
Analysis methods Curvature approach Beam curvatures from strain gauges
Laminate theory approach Lamina thicknesses and stiffnesses must be measured


























Figure 4: Left: DCB specimens made by joining two symmetric 3-ply beams (thickness 10 mm) with an adhesive layer (thickness
5 mm). The two load configurations are illustrated. The mode I load configuration corresponds to M1 = −M , M2 = M and
M3 = 0, while the mixed mode configuration corresponds to M1 = 0, M2 = M and M3 = M . The locations of the strain
gauges are illustrated. Right: Sketches of the two layups.
so that only two of the three beam ends would need to be fitted with strain gauges, see Fig. 4. An overview
of the test programme is shown in Table 1.
Laminates consisting of six layers joined by an adhesive were used, see Fig. 4. The layups were made
from combinations of two different glass fibre/polyester composite materials, see Section 3.2.1. For reasons
of confidentiality these are referred to simply as material A and material B. Material B is approximately
three times as stiff as material A, due to a large amount of 0◦-fibres, whereas material A mainly contains
off-axis fibres.
Two different types of specimens with different layups were made. In layup 1, the central layer of material
B has a nominal thickness of 8.4 mm, while the central layer in layup 2 has a nominal thickness of 2.4 mm.
All beams had nominal thicknesses of 10 mm. This means that layup 1 contains a higher ratio of the stiffer
material B, whereby layup 1 is expected to be stiffer than layup 2. However, since fracture occurs along
similar material interfaces for the two specimen types, similar J integral curves are expected for the two
layups.
The test programme included twelve specimens, divided in four groups of three: L1MI, L1MM, L2MI
and L2MM, with L1 and L2 denoting layup 1 and layup 2 while MI and MM denotes nominal mode I and
mixed mode, respectively. The thickness of all seven layers (six composite plies and the adhesive layer) of
each specimen are needed for the analysis based on the laminate beam theory approach. Thus, the thickness
of each of these layers were measured at three positions along the specimen, and the average of each set of
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three measurements were entered in a database.
3.2. Experimental work
3.2.1. Specimen manufacturing
The laminates for the test specimens were supplied by Danish manufacturer of wind turbine blades LM
Wind Power A/S. The DCB specimens were manufactured as follows. First, a laminate panel (600 by 600
mm, thickness approximately 10 mm) of each glass fibre/polyester layup were made by the techniques of
hand layup and matrix impregnation by vacuum infusion. After consolidation, 15 beams (length 500 mm,
width 30 mm) were cut from each panel. To make six DCB specimens of each layup, the beams were bonded
together in pairs with a thermoset adhesive (Oldopal 0555 VE from Büfa, hardened at 40◦C for 16h). A slip
foil (thickness 12.7 µm) was placed at the one end of the beams to define a sharp crack initiation location.
Spacers (5 mm) were used to control the thickness of the adhesive layer. Steel grips were fixed to each beam
with four steel screws and an epoxy adhesive (Scotch-Weld DP 460 from 3M, hardened at 40◦C for 2h).
Holes (diameter 1.5 mm) were drilled at the end of the slip foil (where crack growth will start) and steel
pins were inserted. These were to be used for mounting of extensometers. Finally, strain gauges (0◦, gauge
length 10 mm) were fixed to the beams to be subjected to bending according to Fig. 4. In accordance with
de Saint-Venant’s principle, strain gauges were placed a distance of two times the beam height away from
the gripping fixtures on the specimens. Fig. 5 shows a detailed drawing of a finished specimen.
Figure 5: Drawing of specimen. Positions for both mode I and mixed mode tests are shown.
3.2.2. Measurement of elastic properties
Spare beams, not used for manufacturing DCB specimens, were subjected to tensile tests on a standard
servo-hydraulic test machine fitted with a 100 kN load cell (Instron UK1029). Three beams of each layup
were tested to strains of 0.3%. Strains were determined with a extensometer (Instron 1562, gauge length 50
mm). The tests were run at a displacement rate of 0.01 mm/s. Readings from the extensometer and load
cell were collected at a PC at 10Hz. The stiffness for each layup were found by making linear regression to
the stress-strain data in the strain interval 0.05-0.25%. From these values, the Young’s moduli of the two
materials A and B were determined. By performing tensile tests of both layups, the effective stiffness E¯ of
each layup was determined. Then, the rule of mixtures could be employed to back-calculate the effective
stiffness values of the materials A and B.
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Note that knowledge of the Young’s moduli of the two materials is not required for the curvature approach
(Eq. 9), but is a required input in an analysis based on laminate theory, see section 3.3.2.
3.2.3. DCB test method
The DCB-UBM specimens were tested on a special test device, shown schematically in Fig. 6. The testing
fixture and procedure is described in detail in [17]. With two load cells and an arrangement of wires and
Figure 6: A schematic drawing of the testing device. Adapted from [9].
rollers, the test fixture allows for the test specimen to be tested under any combination of bending moments.
The wires apply the same force to two rollers located at each of the transverse arms mounted on each beam
of the DCB specimen, creating pure bending moments. As moment = force × arm, a configuration with
different moment arms on each side gives different moments on the two beams, even though the forces P are
of identical magnitude at both transverse arms. Adjusting the device from one load configuration to another
is simply a matter of altering the lengths of the moments arms by changing the position of the rollers on
the transverse arms. The moments are written as
M1 = Pℓ1,M2 = Pℓ2. (14)
By adjusting ℓ1 and keeping ℓ2 fixed any moment combination can be obtained. The wire force is increased
by moving the lower part of the test device (denoted lower beam in Fig. 6) downwards at a constant
displacement rate.
The test was conducted as follows. First, a DCB specimen was mounted at the test device. The
transverse arms and the wire was mounted. Next, an extensometer (Instron type 2620–601, range ±5 mm),
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was mounted at the steel pins to record the end-opening. The strain gauges were connected to a strain gauge
amplifier (HBM MGCplus AB22A). The displacement rate of the lower beam was 10 mm/min. Pictures
were taken during the experiments, and data for the two load cell readings (N), the extensometer opening
(mm) and the four strain gauge readings (%) were logged at 25Hz.
3.3. Data analyses
The datasets for each specimen were analysed using both the curvature approach and the laminate beam
theory approach, whereby the outcome of the two approaches can be compared. In both cases, the adhesive
layer is ignored. This is a reasonable approximation, as the adhesive is much softer than the glass fibre
beams.
3.3.1. Curvature approach
From the loads and the length of the moment arms, ℓ1 and ℓ2, the moments were calculated for each
data point using Eq. (14). The curvature at each data point were determined from the strain gauge data
using Eq. (11). From the moment and curvature values, the J integral was calculated for each beam and
the total J integral value was obtained as the sum of the contributions from each beam, according to Eq.
(9).
3.3.2. Laminate beam theory approach
For the laminate beam theory data analysis, a Matlab code acquired from [16] was modified so that the






















+ 3B2b (yp−1 − yp)
]
(15)
where p = 1, 2, . . . , p˜ is the integration path number indicated in Fig. 2, b = 1, 2, 3 is the beam index, Ep
is the Young’s modulus of the ply related to integration path p and yp is the lower (in the global system)
interface of that ply. Ab, Bb and Db are the extension, coupling and bending terms for beam b. For the sake
of brevity, the definitions of these terms are not given here; they can be found in [16].
4. Results
4.1. Material stiffnesses
Table 2 lists the effective Young’s modulus E¯ in the x1-direction for the two materials used to make the
layups. The term effective is used to point out that these stiffness values are found experimentally as the
values when the materials are fixed in the described layups, i.e. not from tests of the individual layers alone.
Material E¯ (GPa)
A 14.6 ± 0.09
B 49.1 ± 1.4
Table 2: Effective Young’s modulus with standard deviation for the two materials.
4.2. Overview of failure modes of DCB-UBM specimens
Crack growth initiated from the slip foil along the adhesive/laminate interface. It was, however, observed
that the four groups of specimens developed different damage mechanisms. As shown in Fig. 7a-b, the mode I
test specimens (groups L1MI and L2MI) cracked along a single crack path at the material/adhesive interface
with the formation of large-scale bridging by glass fibres. Layup 1 tested in mixed mode (L1MM), Fig. 7c,
cracked in two planes with one fracture plane at the adhesive/material A interface and a second plane at the
material A/material B interface. Layup 2 tested in mixed mode (L2MM), Fig. 7d, cracked in three planes









Figure 7: Photographs of four test specimens during crack growth. The pictures show a characteristic specimen from each of
the four test groups a) L1MI, b) L2MI, c) L1MM and d) L2MM.
4.3. Fracture resistance data
J integral results from the two approaches are plotted as a function of the end-opening δ∗ for mode I
experiments and mixed mode experiments in Figs. 8 and 9 respectively. The data plots in Figs. 8 and 9
Figure 8: J integral as a function of end-opening δ∗ for specimens tested in nominal mode I configuration. The solids lines show
results from the curvature model, while the dotted lines show results from the laminate theory model. The specimens L1MI-1
and L1MI-3 are not included since the crack kinked into the adhesive layer right after crack initiation for these specimens.
all have the same characteristic appearance which can be described in four phases (phases indicated in Fig.
8): In phase 1, the J integral value increases without causing crack growth. Then, in phase 2 crack growth
initiates. In phase 3, the J integral value increases rapidly with a continuous increase in δ∗. During this
phase, the crack tip advances and a fracture process zone of bridging fibres develops. At an end-opening
of roughly 1 mm (phase 4) the J integral increases more slowly and almost linearly with δ∗, approaching
a steady state value. During the tests, a significant amount of fibre bridging was seen, see Fig. 7. Fibre
bridging is known to increase the fracture resistance [21].
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Figure 9: J integral as a function of end-opening δ∗ for specimens tested in mixed mode configuration. For the curvature model
curves (solid lines) it has been indicated whether the crack front had two or three crack tips.
The crack growth initiation values J0 for all samples are listed in Table 3. Crack initiation was defined as
an end-opening of 20 µm. The average values with standard deviations are 314±49J/m2 and 392±60J/m2
for the mode I tests and the mixed mode tests, respectively.
Specimen J0 (J/m
2) Specimen J0 (J/m
2)
L1MI-1 - L1MM-1 437
L1MI-2 358 L1MM-2 319
L1MI-3 - L1MM-3 320
L2MI-1 320 L2MM-1 425
L2MI-2 333 L2MM-2 460
L2MI-3 245 L2MM-3 390
Table 3: Values of fracture resistance for crack growth initiation along the laminate/adhesive interface. Values are taken from
the curvature approach analyses. Values from specimens L1MI-1 and -3 have been omitted as the crack in these specimens
initiated in the adhesive layer.
The results from the nominal mode I tests in Fig. 8 show that the two approaches gives J, δ∗-curves with
roughly the same shape and deviations of 0− 10%.
Fig. 9 shows the results from mixed mode tests of the two approaches. Again, the J, δ∗-curves follow the
same pattern for the two approaches. L1MM-1 shows deviations of about 1%. For L1MM-2, the laminate
theory approach gives J values about 15% larger the the curvature approach, and for L1MM-3, the curvature
approach gives J values about 6% larger than the laminate theory approach. The layup 2 experiments shows
curves of similar appearances for the two approaches. However, the deviations are very large: The curvature
approach gives J integral values about 83-102% higher than the laminate theory approach.
The large deviations for the L2MM group was investigated by studying the beam curvatures: From
the pictures taken during the experiments, the actual curvatures of the beams were determined by fitting
circles to the photographs of the bent beams. With the laminate theory formulation, the beam curvatures
were calculated from the geometry, layup configuration, stiffness and thickness of each ply and applied
moments. Thereby, it was found that the predictions of beam curvature from the curvature approach and
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the laminate theory approach were respectively 1-5% and 47-51% below the actual curvature determined
from the photographs.
5. Discussion
5.1. Comparison of the two approaches
From Fig. 8 we saw that the two analyses of the L1MI group gives comparable results with non-
systematic deviations between 0 and 10%. The analysis based on laminate beam theory depends on a
number of variables which can not be determined with great accuracy, such as the Young’s moduli and
thickness of individual layers. The curvature approach, on the other hand, depends on variables which can
be determined with high accuracy, such as strains, moments and laminate beam thickness. It is therefore
reasonable to assume that the curvature approach is the more accurate approach.
From Fig. 9 it is seen that the L1MM group has steady-state J values, Jss, about 1650 J/m
2, while
the laminate theory approach treatment of the L2MM group gives Jss values around 1500 J/m
2 and the
curvature approach treatment gives Jss values around 3000 J/m
2. As mentioned above, it is expected
that cracks along identical interfaces under identical moment combinations give similar Jss values. The
results in Fig. 9 therefore seem to indicate that the curvature approach based analysis of the L2MM group
overestimates the Jss values. However, from Fig. 7c-d it was observed that the L1MM group has two crack
tips (and two fracture process zones), while the L2MM group has three crack tips. In effect, the cracks
in the L2MM specimens create roughly 50% more new fracture surface area per unit length crack growth
than cracks in the L1MM specimens. Therefore, as a first approximation, it is reasonable to expect that
the specimens in the L2MM group have steady-state J values that are approximately 50% higher than
the values for the specimens in the L1MM group. This hypothesis is largely consistent with the results in
Fig. 9. Furthermore, this hypothesis is in agreement with the finding that the laminate theory approach
underestimates the beam curvature, while the curvature approach is capable of determining the curvatures
with low deviations. Hence it is reasonable to conclude that the laminate theory approach underestimates
the J integrals for the L2MM group. It is not known why the laminate theory approach performs poorly
for the L2MM group, considering that the two approaches are in good agreement for all other test groups.
It is an interesting finding, that by changing the ply thicknesses in the layup, one can change the cracking
mechanism and thereby the steady-state fracture resistance of identical interfaces. The Jss value for all single
crack tip tests are around 750 J/m2, while the two- and three crack tip tests have Jss values around 1650 and
3000 J/m2, respectively. It is an interesting idea that there might be an approximately linear dependency
between the number of crack tips/fracture process zones and the steady state J values.
5.2. Crack growth initiation
From Table 3 it is seen that all specimens have comparable crack growth initiation energy values. The
values are of the same order of magnitude as results from the literature for similar materials/interfaces
systems [22]. When dividing the values into layup 1 and layup 2, the values are 359 ± 55J/m2 and 362 ±
78J/m2 respectively. Thus, no difference in crack initiation energy is seen between layup 1 and layup 2.
This is not surprising since the conditions at the crack tip are identical for the two layups. For mode I and
mixed mode, the crack growth initiation values are 314 ± 49J/m2 and 392 ± 60J/m2 respectively. Even
though the difference between these results are not significant, there is a tendency that the mixed mode
experiments have the highest crack initiation energies. It is reasonable to expect that there is a difference
in the initiation energies, as the stress state at the crack tip is different for the two load configurations. For
many interface systems, a higher amount of mode II results in a higher fracture energy [23].
5.3. Practical advantages and disadvantages of the curvature approach
For a homogenous DCB specimen consisting of a single material with well-known elastic properties, the
laminate beam theory approach is rather straight-forward. However, when the examined DCB specimen
consists of multilayer-beams, the laminate beam theory approach becomes more labour-intensive as the
stiffness and thickness of all layers are required.
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The curvature approach, on the other hand, is equally extensive for all types of DCB specimens. Per-
forming the experiments using the curvature approach with the strain gauge measurement involves fixing
strain gauges to the DCB beams and connecting (soldering) these to the strain gauge amplifier. This pro-
cedure takes some time. However, as layer thicknesses and stiffnesses are not required, it is not necessary
to spend time determining these. Furthermore, not depending on values of layer thickness and stiffness
implies that the curvature approach is likely to give more precise results than the laminate beam theory
approach. The necessary inputs (moments and top and bottom beam strains) for the curvature approach
can be determined with high accuracy, while the inputs for the laminate beam theory approach (lamina
thicknesses and stiffnesses) are more difficult to determine. From the laminate beam theory expression in
Eq. 15 it is seen that J ∝ E and J ∝ h3. This implies than measurement errors in lamina thickness are
more critical than measurement errors in the lamina stiffness.
As mentioned in Section 2.2, when characterising a DCB specimen with symmetric beams it is only
necessary to use one strain gauge per beam. Eventhough the beams in the present test were consided to
be symmetric, two strain gauges were used per beam, in order to validate the above claim. Indeed, it was
found that the readings from all strain gauge pairs had agreements within 2.5%, with an average value of
1.3%. Thus, with symmetric beams, it would be most convinient to place one strain gauge at the outside
surface of each beam, thereby avoiding having to place strain gauges in the gap between the beams. The
curvature approach is thus not only limited to adhesive joint testing but can also be used for delamination of
laminates having symmetric beams. For a delamination test with unsymmetric beams it might be difficult
to place find space for all necessary strain gauges. Furthermore, the agreements within strain gauge pairs
justifies the decision to ignore the adhesive layer in the data analyses in Section 3.3.
An alternative to using strain gauges would be to use a digital image correlation system such as Aramis
from Trilion Quality Systems [24] for the curvature measurements. Thereby time could be saved in specimen
preparation, but the data analysis would probably be more extensive and time consuming.
As such, it is argued that the curvature approach is suitable for complex layups, where it has a number
of advantages over the laminate theory approach. Furthermore, the curvature approach can be used for
characterization of materials and assemblies with unknown parameters, such as test specimens cut from
older constructions.
Finally, although it was not the scope of the present work, the mode I cohesive laws can be determined
from the measured data on the J integral and the end-opening δ∗ by fitting a suitable funtion to the J, δ∗-data
and differenting the function [25].
6. Conclusions
An approach for determining the J integral for multilayer Double Cantilever Beams with Uneven Bending
Moments (DCB-UBM) has been developed. This approach is based on the idea that the J integral can be
found from beam curvatures and moments alone. The approach is especially well-suited for multilayer
laminates, since no knowledge is needed on the thickness and Young’s modulus of individual plies in the
beams. This gives two advantages: The curvature approach is comfortable to use, as the equations and data
treatment routines are much less extensive than the ones needed when applying the traditional laminate
theory approach. The curvature approach is very accurate as the parameters on which it depends can be
determined with great accuracy.
In the present work, the beam curvatures were determined by the use of strain gauges. The test specimens
included two different layups subjected to two different load situation, such that four groups of experiments
were conducted. Three of these showed excellent agreement between the curvature approach and the laminate
theory approach, while it was found that the laminate theory approach underestimated the J integral
massively for the fourth group.
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Abstract
Currently, there has been a strong interest in developing natural fibre composites for load-bearing applica-
tions. In order to realize the potential of natural fibres, they have to be better understood, such that they
can be further optimized. In this paper the fracture toughness of unidirectional flax/PLA composites is
investigated. Composites are manufactured from yarns with a range of twisting angles, such that a possible
relation between fibre twisting and fracture toughness can be identified. The fracture toughness is charac-
terised using double cantilever beam specimens and a previously developed approach, where the J integral
is determined from beam curvatures and applied moments. It is found that the fibre twisting angle greatly
influences the fracture toughness. As such specimens with no fibre twisting is about 10 times tougher than
specimens with high amounts of fibre twisting.
Keywords: Fibre reinforced materials, Bridging, Natural fibres, J integral
1. Introduction
Over the past decade, a lot of effort has been put into developing fully bioderived green composites. Nat-
ural lignocellulosic fibres such as flax, jute or hemp represent alternatives to conventional petroleum-derived
fibres such as glass fibres [1]. Green composites are obtained by using such natural fibres as reinforcements
in biodegradable polymers. These composites are environmentally friendly, compostable, and sustainable
[2]. Advantages of natural fibres over traditional fibres are their better specific stiffness, CO2-neutrality
when burned, and biodegradability [3]. Disadvantages include low strength with large variations in reported
values [4].
Polylactic acid (PLA) is a commercially available biodegradable polyester that can be produced from
lactic acid by fermentation of renewable sources such as whey, corn or potato [5, 6]. The resulting polymer
can be processed similarly as other thermoplastics. PLA is the only biodegradable polymer produced at a
large scale of over 140,000 tonnes per year [7]. With market prices for crude oil currently increasing and
market prices for PLA currently decreasing, PLA is becoming more and more competitive, in comparison
with petroleum-derived polymers like polypropylene (PP), polyethylene (PE) and polyethylene terephthalate
(PET).
Natural fibres used for reinforcement in polymer composites are generally relatively short. For instance,
hemp and flax fibres are no longer than 5-8 cm of length. In order to be able to handle and position the
fibres, they are traditionally spun into yarns by the techniques of ring- or rotor-spinning where a bundle
of parallel fibres are twisted into a helical configuration [8]. Thereby, the friction between the individual
fibres ensures the mechanical integrity of the fibre yarn. A recent development in the field of natural fibre
composites has seen an increasing focus on optimizing the architecture of the natural fibre yarn by avoiding
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the twisting of the fibres [9, 10, 11, 12, 13]. Indeed, natural fibre yarns specifically designed for composite
usage has recently been made commercially available. In these so-called zero-twist yarns, the fibres are
kept together by a thin polymer filament that is wrapped around the assembly of non-twisted fibres, see
Fig 1. Then, the integrity of the yarn does not rely of friction between fibres and ideally the fibres can be
Figure 1: Illustrations of a traditional twisted fibre yarn and a wrapped yarn.
positioned parallel to the principal axis of the yarn. The tensile behavior of composite based on different
variant of a zero-twist yarn has been studied previously. Zhang and Miao [9] found a significant increase in
composite stiffness for a flax/PP composite made from a wrap spun yarn with a PP filament, where the PP
filament melts during processing to form part of the matrix. Rask and Madsen [13] found that the tightness
of the wrap filament is a critical parameter for achieving high composite stiffness for a wrap spun yarn with
a non-melting PET-wrap filament.
Composite structures will inevitably contain small defects such as cracks and air inclusions. These defects
can potentially grow into large cracks, leading to failure of the entire structure. The fracture toughness of
a material is a measure of its ability to withstand such growth of an existing crack. Therefore, for practical
applications, the fracture toughness of a material system is an important parameter. As a crack propagates
in the material, fibres can bridge the gap between the separated crack surfaces. This effect, which is denoted
fibre bridging, is illustrated in Fig. 2. For glass fibre composites, fibre bridging has been found to significantly
Figure 2: Bridging zone and crack end-opening.
increase the fracture toughness of a material [14], since the bridging fibres restrict the opening of the crack
and uptake energy by the work of the bridging tractions. For some materials, the length of the bridging
zone is often of the same order of magnitude as some specimen dimensions. This situation is referred to
as large-scale bridging (LSB), indicating that a large process zone exists. Therefore, in the presence of
LSB, linear elastic fracture mechanics (LEFM), which is based on an assumption of a small-scale fracture
process zone, cannot be applied to calculate the fracture toughness of the material system. Instead, fracture
displaying LSB can be handled with the path-independent J integral following the original formulation by
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Rice [15, 16], where J (unit: energy/area) is a direct measure of the fracture toughness. This is reflected in
the unit, indicating that J can be seen as describing the amount of energy needed for developing new crack
surface. The higher the value, the tougher the material.
Figure 3: Idealised sketch of J integral for specimen with fibre bridging.
Fig. 3 shows an idealized sketch of a typical J integral curve under the presence of LSB. It is seen the
the J integral increases steadily until a certain initiation value J0, where the available energy is sufficient
to initiate crack growth of a sharp, unbridged crack. Then, as the crack starts growing, the bridging zone
starts developing. This means that the toughness increases. When the bridging zone is fully developed, the
fracture toughness reaches a constant steady-state value of Jss.
The bridging tractions of a fracture process zone can be modeled using so-called bridging laws, which
describe the process of opening of a crack. A bridging law is expressed as traction σ as a function of
separation δ [17, 18, 19, 20]. E.g. in the event of large scale bridging, the crack will only be considered
fully developed once all bridging fibres have been broken, which might require several millimeters of crack
opening. On the other hand, a crack in a brittle material will require only a very small opening to be
considered fully developed. The bridging law is an important input parameter for finite element models of
composite damage evolution. If a full data set of J versus crack end opening is available, the bridging laws
can be determined by differentiation with respect to the crack end-opening. [20, 21].
There seems to be a general agreement that the highest composite stiffness is obtained for fully parallel
fibres. The effect of twisting on the fracture toughness is not understood. To the best of our knowledge, no
studies has been carried out to study the relation between fibre yarn twist and composite fracture toughness.
Fracture toughness is to a large extent controlled by the microstructure of the composite, in which the fibre
architecture is an important factor. Therefore, changing the fibre twist is expected to influence the fracture
toughness. As such, this paper presents work done of characterising the relation between fibre twisting and
fracture toughness of unidirectional flax fibre/PLA composites. To this end, composites with different fibre
twisting angles were fabricated, so that the influence of fibre yarn twisting on the fracture toughness of
natural fibre composites could be investigated. The double cantilever beam (DCB) test specimen loaded
with pure moments was chosen, as this experimental setup has the advantages that it can give the bridging
law by differentiation of the fracture toughness J with respect to the crack end-opening δ∗ [21], since the J
integral can be determined in closed analytical form even for large-scale bridging problems. This is not the
case when using DCB specimens loaded with forces, where the J integral depends on the crack length, and
details of the bridging law [19].
In a previous study [22], it was found that the J integral can be calculated directly from the applied
moments and the beam curvatures, meaning that no knowledge of layup sequence and stiffness is necessary.
This curvature based approach is applied in the present study.
3
2. Theory
Fracture displaying LSB can be handled with the path-independent J integral following the original








where Φ is the strain energy density, σij is the stress tensor, ui is the displacement vector, nj is the outwards
unit vector normal to the integration path Γ and S denotes the length of the path Γ. The integration path
Γ goes around the crack tip from the lower crack face to the upper crack face in the counter clockwise
direction.
In this study, the fracture toughness of the natural fibre composites is calculated using the a special
formulation of the J integral approach for elastic beams subjected to pure bending moments. This section
presents the necessary theoretical framework.
2.1. Fracture toughness
A convenient formulation of the J integral for a DCB specimen loaded with pure bending moments in a









where κ0 is the curvature at the neutral axis and M is the applied moment, respectively, of the two beams
denoted with subscripts 1, 2. Moment and curvature and defined positive downwards. The minus sign arises
from the directions of the moments, M1 = M and M2 = −M . A full mixed mode formulation is found
in [22]. This method for determining the J integral implies that no knowledge is needed of stiffness and
thickness of the individual plies, even for a DCB specimen made with a complicated layup. For a symmetric




, so in principle only the curvature from
one of the beams would be necessary to determine. In the present experiment the specimens were nominally
symmetric around the crack plane. However, the curvatures of both beams 1 and 2 were measured, to allow
for small asymmetries.
2.2. Determination of beam curvatures
As evident from Eq. 2 it is necessary to determine the curvature of the two beams. The beam curvature


















where superscripts 1,2 denoted beam number and superscript t, b denotes the top and bottom face, respec-
tively, see Fig. 4. As explained in Section 3.2.1, in this case however, it was not possible to place strain
gauge in the center of the DCB specimen, and therefore strain gauges were placed at a well-defined position
(at the natural fibre/glass fibre interface) inside the beams. It was then possible to extrapolate the strains




). With the strain gauges numbered as shown in Fig. 4 the extrapolations





















where εA, εB , εC , εD and x2,A = −(H2 + t), x2,B = −t, x2,C = t, x2,D = H1 + t are respectively the strain
and x2-coordinates at positions A,B,C,D. Furthermore, εA = ε
b
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The bridging law σ(δ) can be determined as the derivative of J with respect to the crack end-opening





Eq. (5) expresses the bridging law at the position of the initial crack tip. However, the bridging law is
assumed to be the same at all points within the bridging zone, such that δ∗ can be replaced with δ in the
obtained expression for the bridging law. Using DCB specimens subjected to pure moments, the bridging
laws can be found directly, since a full data set of J versus crack end opening is available [20, 21].
It has previously been found that the increase in fracture toughness coming from bridging, depends
largely on the amount of bridging and the geometry of the bridging filaments [23]. Treating the bridging
ligaments as square beams with Young’s modulus E, an analytical expression for the bridging stress is














where η is the number of bridging filaments per unit cracked area, Gc is the fibre/matrix interfacial debonding
energy and h and w are the ligament thickness and width, respectively. In the present paper, λ is introduced
as a fitting parameter.
3. Experiments
The experimental program is discussed in this section, including materials description, specimen design,
material characterisation and data analysis.
3.1. Materials
Zero-twist commingled flax/PLA yarn, supplied by Composites Evolution, UK, was used in the present
study. The yarn had a linear density of 250 tex (g/km) and a diameter of approximately 1 mm. The flax
fibres were commingled with PLA filaments to form the yarn assembly. A PLA wrap filament was spun
around the assembly of parallel fibres. The wrap filament was made of PLA as well. By heating the yarn to
temperatures above 180◦C, both the commingled PLA filaments and the PLA wrap filament will melt and
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form a PLA matrix phase. The yarns were produced to give a nominal composite fibre volume fraction of
40%.
A yarn twisting machine (Agteks DirecTwist) was used to introduce twist to the zero-twist yarn. Two
types of yarn were made with a medium and high twist number of 70 and 146 turns/meter, respectively.
Composites from these twisted yarns were to be compared with a composite made with the original zero-twist
yarn.
3.2. Specimen preparation
Figure 5: Detailed illustration (not to scale) of test specimen. Dimensions in mm.
DCB sandwich specimens were used in the present study, as illustrated in Fig. 5. The specimens were
designed so crack growth would occur inside the natural fibre composite. The specimens were prepared as
follows.
3.2.1. DCB test specimen design
The DCB specimen is designed such that crack growth would occur in the flax fibre composite. Since
thermoplast matrix is used, high fracture energy values were expected [24]. Since thermoplast matrix
materials are weak in compression in comparison with thermoset matrix materials, there was a risk that
the flax/PLA beams would fail in the compression side, due to the bending. Therefore, unidirectional glass
fibre/polyester composite beams were bonded to the surfaces of the natural fibre composite beams, so that
the flax/PLA composite would be loaded in tension only. A slip foil (thickness 12.7 µm) was placed in the
middle of the natural fibre section to act as a crack starter. The specimen (geometry and loads) is symmetric
around the slip foil/intended crack plane.
3.2.2. Manufacturing of composites
Flax/PLA laminates were manufactured using the filament winding method [25], where the commingled
flax/PLA yarns were wound on a steel frame. The amount of yarn was adjusted to achieve a final laminate
thickness of 2.0 mm. After the winding process, the assembly was dried under vacuum in an autoclave for 24
h at room temperature. Press consolidation of the composite panels was carried out in a two-step process.
To melt the matrix, the assembly was first heated to 190◦C under vacuum for 5 minutes. This was followed
by press consolidation (1700 kPa for 1 minute), at a tool temperature of 30◦C. Eight composite panels were
manufactured by this process. Two panels were made from each of the two twisted yarns, and four from the
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untwisted yarn. The panels had the dimensions 2.1 mm x 140 mm x 450 mm (thickness x width x length).
After carefully placing a piece of slip foil (thickness 12.7µm) between two laminates, each pair went through
the heating and press consolidation cycle one more time, which resulted in four panels of dimensions 4.2
mm x 140 mm x 450 mm with the slip foil placed in the middle. These are denoted panel A,B,C and D, see
Table 1. An error was made during the second heating/press consolidation cycle while producing panel D,





Table 1: Description of panels manufactured for the study.
which was made with the original untwisted yarn. The error during the second cycle meant that an amount
of the matrix was removed by the vacuum. Therefore panel D ended up with a high porosity content. This
unintentional error allowed for a study of the relation between porosity content and fracture toughness by
comparing panels A and D.
3.2.3. Manufacturing of DCB test specimens
From each panel, three or four DCB specimens of dimensions 4.2 mm x 30 mm x 400 mm were cut
with the fibre yarns oriented in the lengthwise directions. Strain gauges (0◦, 10 mm gauge length, HBM
1-LY11-11/350) were mounted on both sides of each specimen in the middle of the slip foil region, i.e. 40
mm from the left edge of the flax fibre composite section in Fig. 5. These are denoted positions B and
C in Fig. 4. Next, beams of glass fibre/polyester (dimensions 6.5 mm x 30 mm x 450 mm) were bonded
to the top and bottom of each natural fibre DCB specimen, using a two-component epoxy adhesive (3M
Scotch-Weld DP460) cured at 40◦C for 16 hours. These glass fibre beams had been cut from a panel of
unidirectional glass fibre/polyester composite made by vacuum infusion. Another set of strain gauges were
mounted on the surface of the glass fibre beams (positions A and D). Finally, holes (∅ 1.5 mm) were drilled
in the glass fibre beams at the position corresponding to the end of the slip foil and steel pins were mounted
in these holes. The pins were to be used for mounting an extensometer to determine the end-opening, δ∗.
As crack growth initiates at the tip of the slip foil, the extensometer will measure the crack opening.
Then as the crack grows further, the bridging zone develops, while the extensometer now measures what is
effectively the crack end-opening δ∗, as defined in Fig. 2.
The specimens were denoted pXsY, where p is short for panel, X = A,B,C,D identifies the panel, s
is short for specimen and Y = 1, 2, 3, 4 denotes the specimen number. E.g. specimen 2 from panel C is
denoted pCs2.
3.3. Material characterization
3.3.1. Yarn twisting angle
In order to determine the surface fibre twisting angles of the differently twisted flax fibre yarns, scanning
electron microscope (SEM) images of the yarns were made using a table-top SEM (Hitachi TM-1000). Yarn
samples were attached to the standard specimen holder with double-sided adhesive carbon tape. The samples
were not coated, as the SEM was operated in ’charge-reduction mode’ which minimizes charge build-up.
The images were then analyzed in Image-Pro 5.0, where the angles between individual fibres and the local
axis of the yarn were determined. Between 15 and 24 determinations of the fibre twisting angle were made
for each flax yarn.
3.3.2. Composite porosity content
For each composite panel, three samples with in-plane dimensions 15 mm x 15 mm were cut. These
samples were used to determine the density of the composite material. The densities were determined by
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the buoyancy method (Archimedes principle) using water as the displacement medium [25]. A high precision
balance set (Mettler-Toledo XS204) was used. Based on data for densities of the flax fibres and the PLA
matrix, and the volume fractions of fibres and matrix in the composite panels, the composite porosity content
was calculated.
3.3.3. Composite microstructure
Three small samples of dimensions 10 mm x 30 mm were cut from each composite panel. These samples
were polished on a polishing machine (Struers DP-04) on the surface perpendicular to the fibre yarn direction.
These surfaces were then investigated in an optical microscopy, with the aim of studying the microstructure
(porosity content, distribution of fibres, presence of matrix rich regions where the two panels had been
joined, etc.) of the flax/PLA laminates.
3.4. DCB test method
The crack growth experiments were performed at a special test setup described by Sørensen et al. [21].
A schematic illustration of the setup is shown in Fig. 6. With this test setup, crack growth is achieved by
Figure 6: Illustration of test setup.
applying pure moments to the DCB specimen. These moments are created with an arrangement on rollers
and wires, and the moments on each beam is easily calculated from the wire tension and the geometry of
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the rollers. The test setup allows for controlled stable crack growth under any mode mixity. In the present
study, a mode I load configuration (moments of equal magnitude and opposite direction) was achieved by
letting ℓ1 = ℓ2 = ℓ, and the moment M on both beams was given as
M = Pℓ (7)
An extensometer (range 0-10 mm, Instron 2620-601) was mounted at the steel pins to record the crack
end-opening, δ∗. The strain gauges were connected to a strain gauge amplifier (HBM MGCplus AB22A).
The test was conducted using a displacement rate of 10 mm/min. Data from the two load cells (N), the
extensometer (mm) and the four strain gauges (%) were recorded at 25Hz.
3.4.1. Fracture surface
After performing the DCB tests, the specimens were manually split in two, such that all fracture surfaces
were exposed. Care was taken not to touch or alter the fracture surfaces in any way. In order to characterise
the fracture mechanisms, SEM images of these fracture surfaces were made. The procedure was similar to
the one described in Sec. 3.3.1.
3.5. Data analysis
From the loads cell readings and the length of the moment arm ℓ, the moments were calculated for each
data point using Eq. (7). The curvature at each data point were determined from the strain gauge data
using Eq. (3) and the extrapolations in Eq. (4). From the moment and curvature values, the J integral was
calculated for each beam and the total J integral value was obtained as the sum of the contributions from
each beam, according to Eq. (2).
Having obtained complete data sets of the fracture toughness versus the crack end-opening, the bridging
laws could be calculated using Eq. 5. In order to be able to differentiate the J integral, a fitting routine
was applied. With this routine, the bridging law was determined in a small region around each data point
in the data set. This was done by moving a window with a width of 101 data points (corresponding to four
seconds at the sampling rate of 25Hz) though all data points, and for each data point fitting a 2nd degree
polynomial to the 101 data points in the window. By differentiating this 2nd degree polynomial, a value of
the bridging law was calculated for each data point, except for the first 50 data points. In short the fitting
intervals are defined as
[n− 50, n+ 50] for n = 51, 52, . . . , N − 50
where n denotes the data point for which the bridging law is calculated and N is the total number of data
points.
A loop code was applied to automise the moving window fitting routine. In addition to fitting a 2nd
degree polynomial to each window, the code differentiated the polynomial and calculated the value of the
bridging law σ at the value of δ∗ corresponding to n. Thereby the bridging laws were determined numerically.
4. Results
This section contains the data obtained in the characterisation of the yarns, composites and DCB spec-
imens. Table 2 lists the results of the fibre twisting angle determinations and the porosity content determi-
nations.
The following sections contains SEM images of the yarns (Sec. 4.1), microscopy images of the composite
microstructure (Sec. 4.2), images of characteristic DCB specimens during crack growth (Sec. 4.3) and SEM
images of the fracture surfaces (Sec. 4.4). Then follows data on fracture toughness (Sec. 4.5) and bridging
laws (Sec. 4.6).
4.1. Fibre twisting angle
Fig. 7 shows examples of SEM images of the three yarns. It is clearly seen that the twisting angle
increases with increasing twist number. On the image showing the high twist yarn (Fig. 7c), the method
for determining the twisting angle is illustrated.
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Panel Twist level Fibre twisting angle (◦) Vp(%)
A zero 1.0 ± 0.8 1.39 ± 0.09
B medium 18 ± 3.6 1.86 ± 0.29
C high 30 ± 4.2 2.15 ± 0.30
D zero 1.0 ± 0.8 8.36 ± 0.62
Table 2: Obtained results for fibre twisting angle and porosity content.
Figure 7: SEM images of the three yarns, original, medium twist and high twist.
4.2. Microstructure of composites
Figure 8: Polished surfaces of the three panels A, B and C.
Optical microscope images of the polished surfaces for the panels A, B and C are shown in Fig. 8. From
the images it is seen that the fibres are not completely uniformly distributed in the composites. However,
for panel A and B, the fibre distribution is such that the original yarns cannot be identified. In panel C,
which is made from the highly twisted yarn, there are slight indications that the fibres are still positioned
in the original circular yarns.
One might expect that the specimen preparation routine where two composite panels are processed into
one thick composite panel, would cause a matrix rich zone in the middle of the panels. The presence of a
matrix rich zone could be expected to affect the fracture toughness of the panel, since the crack could grow
10
Figure 9: Polished surfaces of panel D containing porosities. No matrix rich zone is seen in the middle.
along the zone. Fig. 9 shows the entire thickness of panel D. It is seen that the matrix distribution is very
homogeneous, also across the central part of the panel. Thus, it is concluded that joining two panels to
form a single panel does not result in a weak matrix rich zone. As reported in Table 2 panel D are seen to
contain a large amount of porosities.
4.3. Bridging zones
Figure 10: Panel A specimen. No fibre twisting.
Images of a characteristic specimen from each panel during loading are shown in Figs. 10-13. From the
photos it is seen that the four specimen groups have different bridging zones.
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Figure 11: Panel B specimen. Medium fibre twisting.
The panel A specimen (no twisting) in Fig. 10 has relatively thin bridging fibre ligaments consisting of
what appears to be individual fibres. The bridging ligaments are short (1-2 mm) and relatively few.
The panel B specimen (medium twisting) in Fig. 11 has a bridging zone consisting of both individual
fibres and thicker ligaments. The bridging ligaments are longer than for the panel A specimen. They are
estimated to have lengths of up to 5-7 mm.
Figure 12: Panel C specimen. High fibre twisting.
The panel C specimen (high twisting) in Fig. 12 has bridging ligaments consisting mainly of thick
ligaments and the bridging zone is more dense than found for panels A and B. Filament lengths are estimated
to be up to 6-8 mm.
The panel D specimen (no twisting and high porosity content) in Fig. 13 has a very dense zone of thick
bridging ligaments. Filament lengths are estimated to be up to 15-20 mm.
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Figure 13: Panel D specimen. No fibre twisting and high porosity content.
4.4. Fracture surfaces
Figure 14: Panel A specimen.
Examples of characteristic SEM images of the fracture surfaces of failed specimens from the four panels
are shown in Figs. 14-17.
The panel A specimen in Fig. 14 show that the fibres are relatively well aligned, and a large number of
the bridging fibres are broken. No indication of the original yarns are seen. From the images for panels B
and C in Figs. 15 and 16 it is seen that the fibres are still positioned in the original yarns, and both whole
yarns and imprints of whole yarns are seen. This indicates that crack evolution happens along the yarn
surfaces and not in the yarns. It is evident that the fibre yarn twisting angle in Fig. 16 (Panel C) is larger
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Figure 15: Panel B specimen.
Figure 16: Panel C specimen.
than in Fig. 15 (Panel B). The image in Fig. 17 shows a high degree of porosities in agreement with Table
2. It is seen that the fibres are to a high extent covered in matrix, and the porosities are found in the matrix
phase. This is caused by the nature of the manufacturing error, where the panels were fully impregnated at
first, at then some of the matrix were removed by the vacuum.
4.5. Fracture toughness data
The fracture toughness data (J as a function of crack end-opening δ∗) are shown in Figs. 18-21. Even
though large variations are observed between the individual curves on the figures, they have the same general
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Figure 17: Panel D specimen.
Figure 18: Specimens with 1◦ twisting angle. Figure 19: Specimens with 18◦ twisting angle.
appearance: First the J integral increases without causing crack growth. Then, crack growth initiates at
a certain initiation value J0 after which the curves increases more or less rapidly. After this first increase,
some curves reach a plateau, after which they grow again until they reach a second plateau at a steady state
value of Jss or fail completely. Some specimens (especially specimens from panel A) experienced debonding
of the natural fibre/glass fibre interface before steady-state crack growth was obtained. This invalidates the
rest of the test, and the subsequent data were omitted. This explains the abrupt termination of the plots in
Fig. 18.
All curves are seen to increase following crack initiation. This indicates that the development of fibre
bridging increases the fracture toughness. Generally there are large variations between the specimen groups,
while there is also rather large variations between specimens in the same group.
Inspecting the images taken during the experiments and correlating the images with the obtained data
sets, it was determined that crack initiation corresponds to δ∗ = 40µm, since at δ∗ < 40µm no activity (such
as local haziness of matrix due to plasticity) was observed. Data for crack growth initiation J0 and steady-
state crack growth are shown in Table 3. It is observed that Panel A (with no twisting) has the highest
fracture toughness values, both with regards to crack initiation and approaching steady-state. Panel B has
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Figure 20: Specimens with 30◦ twisting angle.





A 1629± 79 ≈ 4400
B 1023± 159 3372± 607
C 131± 36 484± 47
D 85± 67 386± 78
Table 3: Values of fracture toughness for crack growth initiation J0 and steady-state crack growth Jss. No steady-state growth
was obtained for panel A, therefore the Jss value have been approximated visually from Fig. 18.
slightly lower values (approximately 30% lower), while panel C has much lower values (approximately 90%
lower). The specimens from panel D (same fibre twisting as panel A, but high porosity content) has crack
growth initiation resistance values of about 1/20 of specimens from panel A, indicating a strong influence
of porosity on fracture toughness.
Overall, the curves are very smooth, compared to the somewhat jagged nature of curves obtained from a
previous similar study on glass/polyester composite DCB specimens [22]. This may reflect that thermoplasts
(in this case PLA) are generally more ductile than thermosets, such as polyester, epoxy etc.
4.6. bridging laws
Finally, plots of the bridging laws as a function of crack end-opening are shown.
Figure 22: Specimens with 1◦ twisting angle. Figure 23: Specimens with 18◦ twisting angle.
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Figure 24: Specimens with 30◦ twisting angle.
Figure 25: Specimens with 1◦ twisting angle and a high poros-
ity content.
The bridging laws presented in Figs. 22-25 were obtained using the numerical moving window routine
described in Sec. 3.5. For all panels, a best fit of Eq. (6) is performed, and the value of the fitting parameter
is included in the plots. All plots are seen to share the same general pattern. At δ∗ ≈ 0 mm (corresponding
to crack initiation) the bridging tractions have the maximum values. Then, as δ∗ increases, the traction
value drops off quickly. For panel A, the bridging law goes to zero (corresponding to a fully opened crack)
at δ∗ ≈ 1.5mm. For the other panels, the bridging law extends till δ∗ ≈ 4 − 6mm. In the following, the
maximum traction value is denoted σˆ and the value of δ where the traction vanishes is denoted δ0. Both σˆ
and δ0 are summarized in Table 4.
Panel Twisting angle (◦) σˆ (MPa) δ0 (mm)
A 1 11.8± 2.2 ≈ 1.6
B 18 9.39± 2.8 3.1± 1.1
C 30 1.10± 0.24 5.1± 0.44
D 1 0.479± 0.23 4.9± 0.40
Table 4: Values of maximum bridging traction σˆ (equaling traction at crack initiation), and extension of traction δ0.
5. Discussion
To the best of our knowledge, no previous literature have been published on the fracture toughness
of similar natural fibre yarn based composites systems. A publication have been made on the fracture
toughness of a woven jute fabric/polyester composite system [26]. In this study, the specimens are found to
have crack initiation values of approximately 250-600 J/m2 and steady-state crack growth values of 500-1900
J/m2. Glass fibre/thermoplastic (polypropylene) systems have in previous studies been found to have crack
initiation values of approximately 1200-1300 J/m2 and steady-state crack growth values of 2000-2700 J/m2
[27, 28], while glass fibre/thermoset (polyester) systems have been found to have crack initiation values of
approximately 300 J/m2 and steady-state crack growth values of 2000 J/m2 [18]. Comparing these previous
findings with the results in Table 3, it is seen that resistance against both crack initiation and steady-state
crack growth for panels A and B are competitive with glass fibre based composites, whereas the properties
for panels C and D are poor in comparison with glass fibre based materials.
It is evident from the results presented, that varying the fibre yarn twisting angle has a great influence
on the composite fracture toughness. As such, it was found that going from no fibre twisting to high fibre
twisting (all other things being equal) decreases the fracture toughness by a factor of > 10. This is a
remarkable result, which requires an explanation.
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It was found that specimens from panel A had short bridging filaments with lengths of 1− 2mm. From
Fig. 22 it is seen that the majority of the traction is seen within the first 1 mm of crack opening and that
δ0 ≈ 1.5 mm. This is in agreement with the observed short bridging filaments. For the panels with lower
fracture toughness, such as panel C (Fig. 24), the traction is effective until crack end-openings of up to
≈ 5mm. This is in agreement with the length of the bridging filaments observable from Fig. 12 (up to
5-7mm). However, even though δ0 for panel C is much larger than δ0 for panel A in Fig. 22, the magnitude
of the traction drops off quicker. It is seen that the majority of the work done by the traction takes place
over the first 0.5mm of crack end-opening, while the second part of the bridging law (δ ∈ [0.5mm, 6mm]) has
a low almost constant traction. This indicates that even though the filaments are long for panels C and D,
only the first phase of bridging development contributes significantly to the fracture toughness. Therefore,
the type of bridging and the amount of bridging are both important parameters.
From Figs. 22-25, it is seen that the agreements between the experimental data and the σ ∝ (δ∗)−1/2
relation is relatively good. However, the relation does not account for breakage of bridging filaments, which
explains the disagreement at between the model and the experimental values at δ∗ > 1.0mm in Fig. 22.
From the pictures in Section 4.3 it is clear that the fracture mechanism of the plate C specimens is
different from that for the plate A and B specimens. This is attributed to the yarn architecture. When a
high degree of fibre yarn twisting is applied, the fibres interlock to form a tight yarn. During crack growth,
the bridging filaments will then be made up of fibre yarns. On the other hand, when a low degree of twisting
is applied, the fibres do not interlock. Therefore the fibres are able to distribute themselves evenly during
laminate processing, where the PLA wrap filament melts to form part of the PLA matrix phase. It can be
seen in Fig. 8 which shows polished surfaces (cross section), that the fibres are distributed evenly in plates
A and B, while some circular yarns are seen in the picture for plate.
From images of the fracture surfaces in Sec. 4.4, it was observed that the fibres in the yarns used to
make panel A were distributed into individual fibres. Therefore it was assessed that the bridging filaments
in panel A DCB specimens consisted on individual fibres, while panel C had bridging filaments consisting
of entire yarns.
The potential difference in fracture toughness between these situations, can be assessed using Eq. (6)
to treat a model system. The model system is presented in Fig. 26, and represents a number of bridging
situations where the bridging either consists of a single solid ligament (representing the yarn) or from a
number of smaller ligaments (representing the individual fibres). In all situation the summed cross-sectional
ligament area is constant. The parameter ∆ is introduced as a scaling parameter equal to the number of
Figure 26: Illustration of the model system of bridging ligaments. η denotes the number of individual filaments (m−2), h and
w indicates height and width (m), while ∆ denotes the number of filaments per width of the grid (∆ =
√
η).
ligaments in one side of the square, e.g. dividing the square into four ligaments, corresponds to ∆ = 2. To
investigate the effect of having a few thick ligaments or many thin ligaments, the constants are removed
from Eq. (6) to give
σ ∝ ηh3/4b (8)
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Inserting this in Eq. 8 we get
σ =∝ ∆1/4 ∝ η1/8
Thus, we have found that σ depends on the 1/8th power of η. Fig. 27 shows a plot of the relation between σ
Figure 27: Relation between number of filaments η and the bridging traction. The traction has been normalized against the
traction at η = 1 m−2.
(normalised) and η. It can be concluded that dividing a thick filament into many thinner filaments increases
the fracture toughness of the system.
The yarn used in the present study contains approximately 500-700 fibres. Therefore, in the extreme
case where the yarn is split up into 700 individual bridging filaments, the effect of dividing the yarn into
individual fibres can only increase the fracture toughness by up to 127%. This is by all means a significant
increase, but not enough to account for the very large differences of more than 1000% in the data in Table
3.
It was mentioned that the extension of the cohesive zone for the panel A was only between 1-2mm.
Even though the fibres are not continuous, at 50-70mm, they are much longer than the extension of the
cohesive zone. Thus it can be concluded that the fibres break shortly after forming bridging filaments. This
is supported in Fig. 14, where many fibre breaks are seen.
The failure of a bridging ligament can be assessed by a micromechanical criterion developed by Sørensen





where σfu is the fibre ultimate strength. If the filaments consists of single fibres, they are thin (has a low
value of h). Therefore they are more likely to fail than the situation where the filaments consists of entire
yarns.
It thus appears that the significant toughness enhancement for un-twisted fibres in comparison with
twisted fibres cannot be attributed to differences in fibre bridging alone. Another potential toughening
mechanism in thermoplastic polymers is crack tip plasticity [30, 31]. It can be speculated that the devel-
opment of many single fibre bridging filament creates more crack tip plasticity than development of fewer
larger bridging filaments. This hypothesis is consistent with the fact that J0 for zero and medium twist
angles are significantly higher than for high twist - J0 is expected not to be strongly influenced by bridging,
since very little bridging has been established when J0 is measured.
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The high level of porosities found in panel D, means that specimens from panel D has an almost spongy
structure, where the cavities acts as both pre-cracks and stress concentrators during loading. Thus the
cavities are in effect weak points, through which the crack can propagate. Therefore the fracture energy Gc
for this system will be much lower than a system with no porosities, and bridging filaments will be unlikely
to break during crack growth. This helps explain the massive amount of long bridging filaments in Fig. 13.
6. Summary and Conclusions
The purpose of this paper was two-fold. 1) To quantify the fracture toughness of composites based
on natural fibre yarns, more specifically zero-twist wrap-spun yarns. 2) To investigate a possible relation
between fracture toughness and fibre twisting. This was done through an experimental program where
flax/PLA double cantilever beams specimens, made from yarn with different twisting angles, were tested
under a mode I load configuration using pure moments. With this procedure the fracture toughness could
be determined in form of the J integral. A convenient J integral formulation were applied, meaning that
the J integral could be determined from the applied moments and the curvatures of the beams. The beam
curvatures were determined with of a setup of strain gauges. Some adhered to the surfaces of the DCB
specimens and some embedded in the specimens.
It was found that the fracture toughness is greatly influenced by the fibre twisting level, such that the
specimens made with yarns with no fibre twisting were more than 10 times tougher than the specimens with
a high degree of twisting. Through a study of pictures taken during testing and SEM images of the fracture
surfaces, it was proposed that a high level of twisting has a tendency to interlock the fibres in the yarn, such
that the bridging filaments consists of entire yarns for the specimens made with highly twisted yarns, while
individual fibres made up the bridging zone for specimens without fibre twisting. This would imply that
a few thick filaments were found for highly twisted yarns, while many thin filaments were found for yarns
with no twisting. By modeling these situations with a geometrical bridging filament model found in the
literature, it was found that, in the most extreme case, this effect would account for only a little more than
1/10 of the difference between the different systems. Therefore, while the present study clearly indicates
that a low fibre twisting angle is preferable with regards to fracture toughness, further studies and models
are necessary to fully understand the relation between fibre twisting and the fracture toughness of twisted
fibre yarn based composites.
An experimental error enabled a small study of the relation between fracture toughness and porosity
content. Specimens with porosity contents of ≈ 8% was compared with specimens which had porosity
contents < 1.5% but were otherwise identical. It was found that the porous specimens were ≈ 20 times less
resistant against crack initiation and crack growth. This underlines the importance of avoiding porosities in
composite material production.
Comparison with glass fibre based composites revealed that natural fibre composites can attain equal
or higher fracture toughness values. When the low density of natural fibres are considered, the comparison
becomes even more beneficial for natural fibres.
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